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PREFACE 
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and at the South West District Meeting, Kansas City, Missouri, October 22-24, 
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in the next issue, Number 2, of the TRANSACTIONS. 


The complete Table of Contents is published on the first page and the 
usual Index of Authors will be found at the end of the book. 


Electrical Equipment for Oil Field Operations 


BY HAROLD C. HILL: 


Non-member 


INTRODUCTION 


N the application of electricity to the work of 
drilling for oil and pumping the wells, many prob- 
lems peculiar to this industry have been encoun- 

tered. This paper presents some of the more interesting 
features of these applications and is confined to a 
discussion of the duty involved and of the design of 
the apparatus for the purpose. 


Electricity for oil field operations was first used in 
the Eastern fields over 30 years ago, but the extensive 
use of this form of power did not begin until 10 o- 12 
years later when it was introduced in the California 
fields. Most of the new developments which have 
since been made in the design and use of electrical 
apparatus for oil well drilling and pumping have first 
been tried and perfected in the California fields before 
being adopted elsewhere. This has been due not only 
to the fact that field conditions encountered there have 
resulted in many advances in the art, but also to the 
availability of dependable central station power service 
in all the fields. 


GROWTH OF THE INDUSTRY 


Since the first well was completed near Titusville, 
Pa. in August 1859 the oil industry has had a tremen- 
dous growth, oil now being produced in nineteen states 
from 330,000 wells. 

In 1906 there were less than 800 million dollars in- 
vested in the oil industry. Today the investment 
exceeds twelve billions of dollars. 

-The records of the petroleum industry during the 
last fifteen or twenty years indicate that it is probably 
the most highly competitive of American industries, 
and it is therefore natural that the oil operators are 
interested not only in costs, but also in the development 
of the most efficient methods of drilling and producing. 

Of the tremendous connected horsepower in the 
industry in this country, it is understood that only 7 
per cent is electrical. In California alone there is one 
and one-half million horsepower installed, of which 
only 15 per cent is electrical, which indicates the po- 
tential possibilities for electrification. 


CABLE TOOL DRILLING 


For the past fifteen years there has been an average 
of 24,000 oil wells drilled per year in the United States 
by the cable tool and rotary methods, and although 
the latter is now the predominating one, the cable tool 
method was the original one employed and is still 
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extensively used. Drilling by cable tools is accom- 
plished by percussion, the bit being suspended from a 
walking-beam by a manila or steel cable and cutting 
the formation by the vertical reciprocating motion 
imparted to it by the rocking motion of the beam. 
The latter is actuated by a crank and the crank shaft 
is belt-, gear- or chain-driven. All work of handling 
the drilling tools, bailing and swabbing the hole and 
inserting casing is handled by a hoisting mechanism 
which is a part of the drilling rig. 

Nearly all cable tool drillers claim that, as the depth 
of the well changes, a very close adjustment of the 
number of strokes of the bit per minute must be made 
to accord with the natural period of the drilling line 
and thus obtain the most effective results, and it has 
therefore been necessary to provide such control in 
the electrical equipment. This proved to be the chief 
feature of operation which could not be readily accom- 
plished with strictly standard motor equipment. 

Two different methods have been devised to meet 
this requirement. One of these employs the standard 
wound-rotor induction motor with two controllers and 
resistors, the main controller being of standard design 
for coarse speed adjustment and the auxiliary controller 
being specially designed with the three secondary 
phases separate, so that it could be cut in between any 
two points of the main controljler and thus act as a 
vernier adjustment of speed. The total number of 
control points thus made available is equal to the 
product of the number of points in each controller, 
and is usually from 135 to 160. 


The other method makes use of two oil well pumping 
motors of the two-speed wound-rotor induction type, 
mechanically installed to operate in multiple to handle 
the drilling operations, and so arranged that one motor 
and control may be left permanently at the well to 
pump it after it is “brought in” as a producer. Each 
of these motors has its individual control equipment, 
consisting essentially of a controller, a resistor and a 
pole-changing switch. The controllers are both oper- 
ated by ropewheels from the driller’s position at the 
derrick, and these wheels are arranged for separate 
operation to give individual speed control of each 
motor, or may be locked together to give simultaneous 
control of both. When a small change in speed of the 
twin-motor drive is needed during drilling, one controller 
is moved one or more points beyond the position of the 
other, thus shifting part of the load from one motor to 
the other. This changes the resultant slip of the 
combination and gives the change in speed desired. 
On hoisting duty, for which the power demand is 
much higher, the ropewheels are locked together and 
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the motors are controlled as a single unit, dividing the 
load evenly. 

Some oil companies have succeeded in drilling with 
cable tools by using only a single two-speed motor 
equipment with less than ten points of control avail- 
able, and they have claimed the operation was satis- 
factory, but so few control points would not be 
acceptable to most drillers and so an auxiliary control 
unit must be added. Such an equipment may be left at 
the rig permanently for the purpose of pumping the 
well after it is drilled provided that the size of motor 
required for pumping is somewhere near that necessary 
for drilling. The auxiliary control unit is moved to 
the next new location. 

There is one other speed characteristic which cable 
tools require to drill most effectively, that being an 
almost free drop of the tools on the down stroke, 
followed by a slower pick-up. This is accomplished 
without special design of apparatus, by operating the 
motor with secondary resistance in circuit when drilling, 
thus giving a wide speed regulation with change in load. 
The best motion is obtained if the motor is fairly 
heavily loaded, but the drilling load is moderate in 
comparison with the hoisting load and does not ‘neces- 
sarily increase with the depth. Therefore, when the 
hoisting duty is heavy because of the high speeds at 
which it is desired to handle heavy loads, and so calls 
for a motor of large capacity, it has been proposed to 
use a two-speed motor with ample capacity for drilling 
on the low-speed connection with secondary resistance 
in circuit. The full capacity of the high-speed connec- 
tion would then be available for the heavy work. 

A brief analysis of the motor characteristics suitable 
for cable tool drilling begins with the fact that it is 
first necessary, as already indicated, to adjust the 
secondary resistance of the motor or motors to get an 
average speed in strokes per minute to accord with the 
natural period of the drilling line. The time for one 
complete stroke then becomes temporarily fixed, and 
the best motion of the bit is obtained when the motor 
responds quickest to the changes in load during that 
stroke. On the down stroke, the rate of increase in 
speed is retarded by rotor inertia and limited by the 
available torque to accelerate. On the up stroke, the 
rate of decrease in speed is retarded by the rotor inertia 
and is also affected by the amount of torque available 
in excess of that required to lift the total weight of 
drilling tools and suspended line. Thus, in either case, 
low armature inertia is essential for best results. On 
the down stroke, high torque is desirable, and on the 
up stroke, low torque over and above that required to 
lift the load. 

These requirements are well met with a motor having 
fairly high torque and low W R?, and so geared or 
belted to the load as to be run on a reduced speed 
point of-the controller when drilling, and under those 
conditions loaded up as much as possible consistent 
with its thermal capacity. With a motor assumed to 
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be thermally large enough for the service, a measure 
of its effectiveness on actual drilling is the maximum 
torque in lb-ft., divided by (W R? x drilling r. p. m. 
of motor). 

A capacity of 50 hp. is usually sufficient for drilling 
to a depth of 1,500 ft. and, under some conditions, to 
2,000 ft. With a 75-hp. motor, wells have been success- 
fully drilled to as great a depth as 7,300 ft. but more 
capacity is desirable for deep drilling to enable tools 
and bailer to be removed from the hole at high speeds. 
For this reason a rating of 125/45 hp. has been under 
consideration for the proposed two-speed motor already 
mentioned. 


ROTARY DRILLING 


Rotary drilling is accomplished, as its name implies, 
by a rotary motion of the drilling bit. The bit is of 
course designed for boring, and is supported at the end 
of a column of screwed-joint drill pipe which is sus- 
pended by blocks and tackle from the top of the derrick 
and raised and lowered by a hoist mechanism located 
at the edge of the derrick floor and known as the draw 
works. The drill pipe is turned by a rotary table 
through an opening in which the pipe is suspended. 
The table is mounted on the derrick floor and is driven 
from the draw works. 

The rotary drilling process requires the circulation 
of a heavy mixture of mud and water down through 
the drill pipe, out through holes in the bit and back to 
the surface, carrying the cuttings with it and “mudding 
off’ the walls of the hole, preventing cave-ins and 
holding back high pressure gas. Drilling is thus a 
continuous process except when it is necessary to replace 
worn bits or recover pipe which has twisted off. The. 
pipe is then hoisted out in lengths which can be stacked 
in the derrick and is afterward replaced in the hole for 
the resumption of drilling. 

Steam or internal combustion engines or electric 
motors are used for motive power, the draw works and 
each of the two mud pumps being driven by separate 
power units. 

Draw Works Drive. A good idea of the range of 
conditions to be met by the power equipment may be 
gained from the following approximate figures, which 
are mentioned as a matter of interest, but a complete 
discussion of which is prevented by lack of space. 

Ordinary drilling loads are from 30 to 100 hp. at 
speeds of 50 to 120 r. p. m. of the table. The operations 
of coring and reaming require low speeds, from 15 to 
40 r. p.m. and the horsepower required is from 10 to 
25 hp. 

Under hoisting duty, the same engine or motor must 
deliver from 100 to 250 hp., with peaks in extreme cases 
up to about 600 hp., over a range of hook speeds from 
90 to 180 ft. per min. The load of hoisting the empty 
traveling block varies from about 10 to 165 hp. with 
speeds up to 350 ft. per min. 

The steam engine has been popular for many years 


March 1932 


because its speed and torque characteristics make it 
admirably fitted to perform all the necessary operations 
in rotary drilling. Particular attention has therefore 
been given toward duplicating or improving upon steam 
engine characteristics in devising electrical equipment 
to do the work. This has been done with motors 
and control departing very little from standard elec- 
trical design, but a few interesting features are worthy 
of mention. 

Standard wound-rotor induction motors up to 200 
hp. have been used for moderate and even deep drilling, 
the speed and torque characteristics meeting the re- 
quirements quite well when the motor is provided with 
suitable control equipment. Deep drilling requires 
relatively large horsepower capacity for the heavy 
hoisting duty, but the rotary table loads do not increase 
proportionately with depth. As satisfactory control 
of an induction motor is difficult to obtain under light 
loads and slow speeds, special means have been devised 
to get good results. In some cases, additional resistance 
has been inserted in the secondary circuit of the motor 
by means of an auxiliary controller, but two more 
efficient and generally better methods are now being 
used. 

One method is to use two motors in multiple, driving 
the draw works through a special twin-drive gear reduc- 
tion unit. One motor is used for drilling, coring, ream- 
ing and other relatively light duty, and the two motors 
together are used for hoisting. Magnetic control 
equipment for each motor, suitably interconnected and 
interlocked, makes the handling of the equipment 
very simple for the driller. Not only is the speed control 
at light loads thus materially improved, but the twin 
motors have the advantage of low total armature 
inertia, which permits rapid acceleration and reversals. 
Installations of two 125-hp. and also of two 150-hp. 
motors have been made. 

The other method is the use of a Y-delta wound- 
rotor motor, six stator leads being brought out to enable 
the motor to be run on the Y-connection for light work 
and on the delta connection for heavy work. Motors 
of this type developed for this service are rated 250/85 
_ hp. and 250/125 hp., and are designed for low armature 
inertia. 

Both of these methods have worked out very well 
in rotary drilling service and have overcome the dif- 
ficulty of satisfactorily controlling the standard wound- 
rotor motor equipment in the large sizes. 

Electrically, the control equipment for draw works 
motors follows the standard practise in industrial 
motor applications except that provision must be made 
in the design of the secondary resistor for running the 
motor at very low speeds under some light load con- 
ditions, such as rotating the drill pipe at low speed 
with the bit raised off bottom, which is a practise 
generally followed when changing tours, and, in some 
fields, when the crew is eating lunch. The smaller sizes 
of motors are governed by manually-operated con- 
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trollers, and the larger sizes by full magnetic control 
with a master switch. The controller or master switch 
is operated by a ropewheel or handwheel located on 
the draw works post at the driller’s position, the main 
control equipment being set back behind the draw 
works or even at some distance from the well if gas 
conditions make it advisable. 

Acceleration of the motor by magnetic control is 
automatically governed by either time-limit or current- 
limit relays, each having its advantages and the 
preference of some operators. Both prevent the 
operator from cutting out the secondary resistance too 
rapidly for the best rate of acceleration, and they 
reduce the current peaks and the possibility of damage 
to the mechanical equipment. The definite time relays 
are generally set for a total time delay of about 8 
seconds, with 21% seconds allowed at the point giving 
maximum motor torque, so as to insure that this 
point is not passed until the load is partially accelerated. 
When current-limit relays are used, they are adjusted 
to suit the load conditions encountered and keep the 
current peaks from exceeding reasonable limits. In 
general, the use of accelerating relays in conjunction 
with magnetic control has been one of the chief factors 
in making a pronounced success of electric drive for 
deep rotary drilling. 

Mud Pumps. Fully as important as any other part 
of the rotary drilling rig are the mud pumps, and they 
are subjected to some of the greatest abuses. These 
pumps are of the positive displacement piston type, 
and for electric drive include a reduction gear which is 
usually V-belt driven from the motor. The speed of 
the crank shaft varies from 20 to 50 r. p.m. and is 
desired to be reduced occasionally to the point of 
stalling. The fluid pressure for 7,000-ft. depths will 
run as high as 700 lb. per sq. in. and it is estimated that 
with increased depths, pressures: in excess of 900 lb. 
will be required for normal circulation of the mud in the 
well. Higher pressures are occasionally required in 
emergencies in some localities, these being obtained by 
compounding the pumps, the discharge of one being 
piped to the intake of the other. Each rig is equipped 
with two or more pumps, all but one being stand-by 
units. 

Only a few years ago the requirements averaged from 
60 to 100 hp. per unit, but today the tendency is to 
use larger pumps requiring up to 250 hp. 

The flow of mud is frequently retarded or stopped by 
plugging of the holes in the bit or restrictions elsewhere 
along the line of flow, and it is preferable, in order to 
avoid breakage from high pressure developed by the 
pump under such conditions, and also to warn the 
driller of the trouble developing, that the speed be 
reduced automatically, even to the stalling point, as 
the pressure increases. Steam pumps have this 
desirable speed-pressure characteristic, and electric 
drive may be controlled to do likewise. A standard 
type of wound-rotor induction motor is employed, but 
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as normally the pump is run at full speed, the torque 
of the motor with short-circuited collector rings would, 
in case of clogging of the mud line, increase sometimes 
beyond the breaking strength of the pump without a 
sufficient reduction in speed to avoid such damage. 
Such a reduction may be made by secondary resistance, 
and recently one of the electrical manufacturers, in 
cooperation with a California oil company, made an 
installation in which a permanent block of resistance 
and reactance was put in the rotor circuit to cause the 
motor to drop in speed and stall at approximately 250 
per cent of full-load torque. The results are reported 
to be very satisfactory from an operating standpoint. 
It is considered that the protection thus afforded to 
the pump and mud lines is well worth the additional 
electrical losses entailed, although oil companies to 
whom this scheme was suggested several years ago 
were not then ready to accept the idea, as they hoped 
that some means could be devised which would have a 
higher efficiency. Forced ventilation of the motor 
from a separate motor-driven blower has been resorted 
to under the circumstances, to prevent overheating 
during long periods of stalling which may occur. 


With this arrangement it should now be possible 
to successfully compound two induction motor-driven 
pumps, which has heretofore been considered impracti- 
cable. 


AUTOMATIC FEED 


Electric drive has afforded the opportunity for 
development of means for automatically: feeding the 
drilling bit, and several methods, differing considerably 
in principle, have been devised. In the differential 
electric drive, of which there are two types, the rate 
of feed is balanced against the torque required to turn 
the drill pipe, so that the feed is automatically regulated 
to maintain a constant torque. One design of this 
type of drive makes use of two wound-rotor induction 
motors which drive the draw works hoist drum and the 
rotary table through a differential gear unit. Each 
motor drives one main differential gear of the cluster, 
and one of the motors also drives the rotary table 
through suitable gearing. The ring gear of the differen- 
tial cluster is connected to drive the hoist drum which 
feeds the bit. The two motors run in opposite direc- 
tions, so that when they are at the same speed the 
ring gear and therefore the hoist drum do not turn. 
Normally the speed of the motor which drives the 
rotary table is set higher than that of the other motor, 
and this causes the ring gear and the hoist drum to turn 
in the direction which will pay out line and thus feed 
the bit. Any-change in torque required to drive the 
drill pipe will affect the speed of the driving motor and 
thus increase or decrease the difference between the 
speeds of the two motors, which consequently changes 
the speed of the ring gear and the rate of feed corre- 
spondingly. Heavy torque will thus slow down the 
feed to standstill or even reverse it to retrieve the bit, 
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and stalling of the drill pipe will result in instant 
retrieval until the stalled condition is relieved, after 
which feeding is automatically resumed. ~ 

The two motors are therefore both a power drive 
and a means of regulation of feed and torque. For 
hoisting work in removing the drill pipe and bit from 
the hole, both«motors are run in the same direction, 
thus locking the differential gears, which then merely 
serve to transmit the power. 

In another design of differential drive the power 
unit, which may be a motor or an engine, drives the 
ring gear of the differential cluster. One main differ- 
ential gear drives the rotary table, and the other drives 
the draw works through a two-speed sprocket and chain 
transmission. The balance of torque against feed is 
thus entirely mechanical, and is adjusted by changing 
the transmission ratio to the hoist drum. With two 
transmission speeds and three draw works speeds, the 
total number of adjustments is six, and the speed of 
the entire drive is regulated by control of the motor or 
engine. 

The action of these two differential drives in con- 
trolling the torque and feed is very similar, although the 
two-motor arrangement provides more flexibility of 
control. A large number of differential drives has 
been installed, particularly those of the two-motor type. 
_ During the past few years, methods of obtaining 
straight holes have been uppermost in the minds of oil 
company engineers and officials, and thousands of 
dollars have been spent in endeavoring to determine 
the causes of crooked holes and methods of preventing 
them. This has led to the present quite wide acceptance 
of the theory that the maintenance of proper pressure 
of the bit on the bottom of the hole is one of the most 
certain ways of keeping the hole straight. As a result, 
two somewhat different electrical methods of auto- 
matic control of the weight on the bit have recently 
been developed and put into service. 

One of these methods employs electricity only in an 
auxiliary capacity, but is nevertheless of interest 
although yet in a developmental stage. It acts on the 
principle of automatically releasing and setting the 
draw works brake to feed the bit, but does not provide 
for its retrieval. In one layout which has been used, 
which illustrates the principle of operation, the brake 
lever is attached to the piston rod of a double-acting 
steam cylinder, and steam is admitted to one side or the 
other of the piston by solenoid-operated valves, the 
solenoids being energized by adjustable electric switch 
contacts opened or closed by hydraulic pressure. The 
hydraulic pressure which is imparted to this switch is 
established by a diaphragm which is so attached to a 
bight in the anchored or ‘‘dead”’ end of the drilling line 
that the pressure of the diaphragm against the liquid 
behind it varies with the tension in the line, and hence 
inversely with the amount of weight resting on the 
drilling bit. An indicating gage measures the hydraulic 
pressure. 
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The position of the contacts in the pressure switch 
is readily adjusted by turning a button, and they may 
be placed in a neutral position for any desired pressure. 
In practise, they are set for as much lower pressure, 
below that representing the entire weight of the string 
of tools, as corresponds to the amount of weight de- 
sired to be carried on the bit. This closes the contact 
which causes release of the draw works brake, and the 
decrease. in hydraulic pressure, then -resulting from 
setting part of the weight on bottom, causes the pres- 
sure switch to close the other contact and set the brake. 
This automatic feeding action occurs as frequently as 
necessary to maintain the weight on the bottom at or 
above that permitted by the setting of the switch. 

The other method is accomplished by equipment 
entirely independent of the draw works and its drive, 
and it provides both automatic feed and retrieval. 
Its main element is an auxiliary induction motor- 
driven hoist unit, which is installed on the opposite 
side of the derrick floor from the draw works, or at the 
side where the calf-wheel is usually placed. The ‘‘dead”’ 
end of the drilling line is spooled on the hoist drum of 
this unit. The driving motor is a two-speed wound- 
rotor induction motor as designed for oil well pumping. 
It is equipped with a solenoid brake and drives the 
hoist drum through a transmission gear and a worm- 
gear reduction unit. The thrust of the worm shaft 
produced by the tension of the drilling line is carried 
on a diaphragm which imparts a corresponding pressure 
to liquid behind it, this being piped to an automatic 
pressure switch actuated by another diaphragm and 
functioning to open and close electrical contacts to 
start, stop and reverse the motor. The hydraulic 
pressure on this diaphragm in the pressure switch is 
balanced by air pressure on the other side, established 
by a small hand pump and regulated by a hand-valve. 

As the thrust of the worm shaft is proportional to 
the weight suspended in the derrick and varies inversely 
with the amount of this weight set on bottom, the 
variation in this weight produces a_ corresponding 
change in the hydraulic pressure on one side of the 
switch diaphragm and this results in movement of the 
diaphragm which actuates the switch. Increase in 
pressure will cause the switch to start the motor in the 
direction to feed the bit, while a decrease will result 
in starting the motor in the reverse direction and thus 
retrieve the bit. The action of feeding or retrieving 
reestablishes the required weight on the bit and thus 
brings the hydraulic pressure back to its original value, 
when the switch stops the motor and the solenoid brake 
prevents its coasting. 

The amount of weight to be automatically carried 
on the bit is adjusted by the driller by reducing the air 
pressure in the switch the necessary amount below that 
corresponding to the entire weight of the string of 
tools. The switch functions to set weight on bottom 
until the hydraulic and air pressures are equalized. 

The electrical circuits are so arranged that the 
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two-speed motor runs on its low speed connection for 
feeding the bit and on its high speed connection for 
retrieving it. 

In field service this equipment functions to main- 
tain a tension in the drilling line varying only about 
10 Ib. at the drum. The corresponding ‘variation 
of weight on the bit is determined by the number of 
lines in the tackle, which is usually from 4 to 10. The 
actual weight variation is therefore the product of 
this number by the 10-lb. variation in the tension of 
the fast line at the drum. 

To make this weight control equipment of general 
utility, electrical control is incorporated to permit the 
driller to pick the bit up off bottom at any time, or to 
both feed and retrieve entirely by hand control. By 
means of a transfer switch, all automatic feed features 
may be disconnected and the hoist operated from a 
manual controller for use in rigging-up or for emergency 
removal of the drill pipe from the hole in case of failure 
of any part of the draw works or its drive. In this 
service the motor operates on its high-speed connection. 
The automatic control feature may also be utilized to 
maintain and not exceed a predetermined pull on a 
string of tools or casing which may have become stuck 
in the hole and perhaps requires all the pull the derrick 
can withstand to dislodge it. 

So far this type of automatic weight control equip- 
ment has been used to drill over 16,600 ft. of hole in 
California oil fields, and very successful results are being 
obtained. 


ROTARY DRILLING WITH DIRECT-CURRENT EQUIPMENT 


One of the most recent developments in electric 
drive for rotary drilling and mud pump operation is 
the application of d-c. motors operated by generator 
voltage control from engine-driven generators or 
motor-generator sets. In working out a suitable 
system, of which two are in successful use, the designing 
engineers have had recourse to the years of experience 
gained in applying similar equipment to elevators, 


electric shovels and steel mill drives, and have been 


able to make an interesting adaptation to fulfill the 
unusual requirements of rotary drilling service. 

A d-e. rotary drilling equipment usually consists of 
two or three duplicate generators with direct-connected 
exciters, driven by duplicate internal combustion 
engines or by an a-c. motor, one or two motors for 
driving the draw works, two motors for the mud 
pumps and suitable control and protective equipment. 
One generator supplies power to the draw works motor 
for rotating the drill pipe during drilling, and the other 
at the same time supplies power to one of the mud pump 
motors. When it is necessary to withdraw the drill 
pipe and bit from the hole, the mud pump is shut down 
and the power from the two generators is combined to 
supply the heavy demand from the draw works motor. 

One of the systems mentioned makes use of differ- 
entially compound wound generators, each provided 
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with a separately excited shunt-wound field opposed by 
a series field, resulting in a drooping characteristic of 
the generator voltage with increase in load. One 
object accomplished by this characteristic is to limit 
the generator output to the maximum which the engine 
can deliver, and thus automatically prevent stalling 
the engine. This also prevents the current exceeding 
the maximum safe value for the electrical equipment, 
but permits high torque to be developed by the draw 
works motor at low speed, and high speed at light loads. 

Another object which this generator characteristic 
accomplishes is to cause the mud pump motor to slow 
down with increase in load and stall at a maximum 
torque which does not exceed the strength of the pump. 
As has already been pointed out, this is the ideal way 
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Standard arrangement with one draw works motor 


to operate the pump. The motor when stalled will not 
be damaged if it is separately ventilated by a blower, 
as is customary on the d-c. drilling equipments for the 
chief purpose of excluding inflammable gases. 

The scheme of connections is shown in Fig. 1 for a 
system with two generators, one draw works motor and 
two mud pump motors. The positions of the various 
switches for the several drilling operations are indicated 
in the legend. For drilling, generator No. 1 supplies 
power to the draw works motor and generator No. 2 to 
either of the mud pump motors. For normal hoisting, 
the generators are in parallel to supply power to the 
draw works motor, and the mud pump is shut down, 
while for emergency hoisting, either generator may be 
used. The arrows in the field circuits show the rela- 
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tive polarity of the separately excited and series fields 
of the generators. 

For the sake of clearness the field transfer connec- 
tions have been omitted from the diagram, but it 
should be noted that when the generators are in parallel, 
their separately excited fields are connected in series, 
insuring the same degree of excitation to both. When 
they operate separately, each generator has a block of 
permanent resistance in its separately excited field 
circuit equal to the resistance of the field. 

It usually is a difficult matter to operate constant 
voltage d-c. generators in parallel when driven by 
internal combustion engines, but the differentially 
wound series fields and the series connection of the 
separately excited fields result in stable operation and 
in a division of load approximately in proportion to the 
generator speeds. Tests on two 75-kw. generators in 
service showed the respective loads to be 410 and 385 
amperes with respective speeds of 1,050 and 975 r. p. m. 
In all tests where the speeds were the same, the load 
was evenly divided. 

For successful drilling service it is desirable that the 
engine governors give a speed regulation of 8 per cent 
or better, and it is necessary that the engines be 
equipped with flywheels and that their governors have 
the same characteristics. 

Of course this type of drive is not limited to the use of 
engines as primary power, but may be utilized to fullad- 
vantage where central station power is available, by the 
use of synchronousor induction motor drive for the gener- 
ators. Under these circumstances it would be possible to 


employ regenerative braking in conjunction with the - 


mechanical brake for lowering pipe, thus reducing the 
wear on the mechanical brake. This type of electrical 
braking is impracticable with engine drive, as the only 
means of absorbing the pump-back power would be by 
permitting the engines to speed up, which is usually 
not allowable. However the counter-torque method 
has been used very successfully on a gas-engine-driven 
d-c. drilling equipment, by running the draw works 
motor on the first or second hoisting control point when 
lowering pipe into the hole. To stop the load, the 
generator voltage is increased. The mechanical brake is 
then set when the load comes to rest, and the motor is 
released. 

The curves in Fig. 2 illustrate the volt-ampere char- 
acteristic of the differentially compound-wound genera- 
tor and its relation to the corresponding curve repre- 
senting the maximum output of the engine. The 
generator curve does not cross the engine curve; con- 
sequently the engine cannot be stalled by any possible 
load on the generator. This characteristic is fully 
obtained in actual drilling service. 

In Fig. 3 are given the approximate characteristic 
curves of a 150-hp., 230-volt motor when used with a 
175-kw., 1,000 r. p.m. differentially compound-wound 
generator. The shape of these curves is not only typical 
for this type of equipment, but is very desirable for 
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rotary drilling work. It should be noted that the 
maximum horsepower output of the motor is obtained 
at the value of current at which the generator curve is 
tangent to the engine curve, and is therefore the point 
where the engine is required to develop maximum out- 
put. On either side of this point the engine load is 
lighter. 


The curves in Figs. 2 and 8 are characteristic of the 
mud pump drive as well as the draw works drive. In 
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comparison with the speed-ampere curve, which is of 
the most interest in considering mud pump operation, 
the volume-pressure curve (curve S) of a steam pump 
is shown. These curves touch at the point of maximum 
horsepower output of the pump. The steam pump 
curve is theoretically a straight line, but there is reason 
to believe that it actually curves due to throttling, 
and so very closely follows the curvature of the motor- 
driven pump characteristic, which of course is due to 
the effect of saturation in the generator fields. Thus it 
is evident that with the proper design of generator the 
d-c. motor-driven pump will equal the steam pump in 
performance. 

In the other system of d-c. drive the practical opera- 
tion is similar to the one described but the generators 
used have been shunt wound, separately excited, and 


the motors compound wound with separate excitation — 
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for the shunt winding. When the combined power of 
the generators is required for hoisting drill pipe, their 
armatures are connected in series and their separately 
excited fields in parallel, the two field controllers being 
mechanically arranged to operate together on corre- 
sponding points under this condition. 

The series connection of the two generators doubles 
the line voltage, and hence the draw works motor is 
designed to operate on 250 volts when working from one 
generator and 500 volts when working from both. For 
hoisting conditions with power from both generators, 
approximately the same range of speed and torque is 
possible as with the first scheme described. 

With the generators operating either singly or in 
series, increase of the torque load on the motor not 
only reduces its speed because of its compound winding, 
but also increases the torque load on the engine. With 
an engine of suitable size having a drooping speed char- 


acteristic at heavy loads, the resulting drop in voltage 


will reduce the motor speed to the stalling point without 
stalling the engine. 

The economy and flexibility of d-c. drive with power 
from internal combustion engines will often justify the 
cost of such equipment, especially for wildcat drilling 
in remote locations. For instance, this has been found 
to be the case in the Mississippi delta region, where 
steam drilling is almost prohibitively expensive, largely 
due to the difficulty of providing fuel and water. There 
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the saving effected by the use of a Diesel-electric rig 
over a steam rig was enough to more than pay for the 
power plant in the drilling of two wells. 

The following is a summary of the advantages of 
d-c. drilling equipment from the standpoint of the 
operating engineer. 


a. Its characteristics are so designed that it is impossible 
to impose loads on the engines greater than they can carry, thus 
definitely preventing their being stalled. 

b. It combines the fineness and flexibility of control of d-c. 
motors with the economy of the internal combustion engine. 


c. It has speed characteristics like the steam engine, thus 
giving a wide range in speed and torque for the draw works and 
a positive indication of any restriction or stoppage in the mud 
pump line. 

d. Itmakes available the combined capacity of the mud pump 
and draw works power supply for heavy hoisting duty when 
“coming out of” and ‘‘going into”’ the hole. 

e. It provides individual control of drilling and mud pump 
operations, centralizing this control at the driller’s stand. 

f. It readily provides low table speeds, quick reversals, 
fast or slow pick-up as required on heavy or light loads, and 
speeds of the empty hook as high as the crew ean handle. 


WELL PUMPING 


A wider variety of types of motors is used for well 
pumping than for drilling, because of the numerous 
methods of pumping and types of pumping rigs 
employed, and also because of variable well conditions 
encountered. A glance at the following items will 
indicate the many things to be considered in the selec- 
tion of equipment. 

Maximum depth of well. 

Daily production. 

Gravity of oil. 

Number of hours pumped. 

Weight of rods and tubing. 

Length of stroke. 

Strokes per minute. 

Depth of working barrel and fluid level. 
Amount of sand and gas produced. 

10. Percentage of water produced. 

11. Frequency of pulling rods and tubing. 

12. Accessibility of the well. 

13. Straightness of hole. 

The majority of wells today are pumped with 
displacement pumps placed on the bottom end of a 
string of tubing lowered into the well, with the plunger 
operated by a string of rods inside the tubing. Oil 
enters the pump on the down stroke and is lifted toward 
the surface on the up stroke. On the older type of 
rigs, the rods are operated by a walking beam driven 
by a crank and bandwheel, as it is common practise 
to install this rig on cable-tool drilled wells for drilling 
and on rotary drills for a stand-by unit. Today this 
pumping practise is not so prevalent, as many wells 
are not equipped with bandwheels, and it is therefore 
necessary to install some form of pumping unit and 
hoist. 

Some wells do not require frequent hoisting of rods 
and tubing, or “‘pulling,’’ as it is commonly termed, 
while others have to be pulled as often as every 10 
days. Some operators prefer to have their equipment 
arranged for both pumping and pulling whereas others 
desire it only for pumping. The latter then must 
have a portable pulling outfit which is either gas or 
electric driven. 

No two weils are exactly alike in operating conditions, 
and the latter may change from week to week or at 
longer intervals. The fluid level may go down, the 
gas decrease, water come in, or sometimes the wells 
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sand up. To meet these conditions, it is often neces- 
sary to change the stroke, or the speed, or both. 

Two-Speed Orl Well Pumping Motors. When motors 
were first applied to the standard walking-beam type 
of pumping rig, they replaced steam or gas engines 
and were required to perform all the operations at the 
well. The motor had to be fast enough to pull the 
well and slow enough to pump it, and this resulted in 
the development of the special double rated, two-speed 
wound-rotor induction motor which admirably fits 
these conditions and continues to be a popular drive 
today, thousands of them being in use. The low speed 
is used for pumping and the high speed for pulling, 
bailing, swabbing, and other miscellaneous work at 
the well. The variable speed feature permits the 
adjustment of the pumping speed without changing 
pulleys or gears, and gives proper control of hoisting 
operations. 

This motor is also used advantageously for cable- 
tool drilling, as has already been mentioned, and serves 
in this capacity when a light string of tools is used to 
clean out or deepen a producing well. 


The two-speed feature also makes it possible to 
“shake-up” the well when required to loosen up an 
accumulation of sand and thus free the valves. This 
is done by switching the motor to its high-speed con- 
nection for a brief period while pumping. 

Ratings of these two-speed oil well pumping motors 
now in use are 35/15, 50/20, 55/25, 65/25, and 75/35 
hp., all designed for 6- or 12-pole operation at 440 volts, 
50 or 60 cycles. Smaller ratings were at one time 
popular but operating conditions today call for the 
heavier equipment. 

Squirrel-Cage Motors. The squirrel-cage motor is 
now used in considerable numbers for well pumping, 
and is popular because of its low cost and high effi- 
ciency. The standard type, the low-starting-current 
type and the high-starting-torque type all find their 
field of usefulness for which they are best adapted. 
Some wells are hard to start and high starting torque is 
needed, and so the high torque motor is obviously the 
best. If however as a matter of expediency or avail- 
ability a normal-torque motor is applied, the well may 
be started by “rocking”’ the walking beam if nécessary, 
which requires a reversing switch for the motor. The 
ratings of motors used run from 71% to 25 hp., 8 or 10 
poles. 

In many cases the squirrel-cage pumping motor is 
connected by chain or V-belt to the shaft of the engine 
installed at the well, the engine crank being discon- 
nected. The engine is used for pulling the» well, and 
for this purpose the crank is temporarily reconnected 
and the chain or belt removed. Such an installation 
requires probably the least investment of any to pump 
electrically, but a more efficient and compact drive is 
obtained by employing a small reduction gear unit 
instead of using the engine shaft, and either installing 
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a motor large enough for pulling or using a portable 
hoist equipment for that work. 

Some operators prefer not to have many different 
ratings of motors on each lease, owing to the complica- 
tion of stock and maintenance problems. However, 
they appreciate the advantages of high efficiency and 
power factor, and so to meet their requirements, the 
Y-delta type of motor is furnished, either of the squirrel- 
cage or wound-rotor type, usually rated 40/15 or 50/20 
hp., 6 or 8 poles. Either the Y or the delta connection 
is used as the load may require, the advantage of the Y 
connection being improved efficiency and power factor 
on light pumping loads. When the starting torque 
required is considerable, even though the well may be a 
light pumper, an advantage is gained in starting on the 
delta connection and running on the Y. This elimi- 
nates some of the bad effects of overmotoring in order 
to obtain sufficient starting torque. 

The Y-delta squirrel-cage motor has also been 
applied for both pumping and pulling, requiring a 
primary resistor to give a cushioning effect on the 
first point of hoisting. The second point cuts out this 
resistance and runs the motor on the Y-connection, 
giving sufficient torque to handle light loads. The 
delta connection is used on heavier loads, and is ob- 
tained on the third control point. The motor used in 
this way of course has its limitations in comparison 
with the two-speed wound-rotor motor, but is somewhat 
cheaper and more efficient. 

Pumping Units. There has been a steady advance in 
the development of more efficient mechanical equipment 
for well pumping, encouraged largely by the adaptabil- 
ity of electric drive and the readiness with which the 
. efficiency can be determined by electric power measure- 
ments. Compact self-contained electric-driven pump- 
ing units of many designs have been developed for 
wells approximately 5,000 ft. or less in depth. For 
greater depths such units are less often used owing to 
their high cost and bulkiness. The horsepower re- 


quirements range from 2 to 25 and squirrel-cage motors — 


for full voltage starting are generally used. 

One particularly interesting unit of this character 
recently developed by one of the electrical manufac- 
turers includes a triple reduction gear unit with a 
crank on the low-speed shaft for operating a walking- 
beam. The driving motor is a squirrel-cage machine 
and both the motor and control box are built into and 
form an integral part of the gear unit. This electrical 
equipment is of weatherproof construction, and so no 
housing is necessary. Provision is made for readily 
changing gears to change the pumping speed. Such 
an equipment represents the maximum in simplicity 
and the minimum in installation work. 

Some pumping units have some flywheel effect or 
are equipped with small flywheels, and for these the 
high-resistance rotor type of squirrel-cage motor is 
theoretically best adapted, although there is a question 
whether under well pumping conditions there is any 
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decrease in power consumption. The motor efficiency 
is of course lower than that of a normal design of 
squirrel-cage motor, but the current peaks on the 
pumping cycle are reduced, and the motor may thus 
run on a better point of the efficiency curve. Any gain 
which might thus be possible in reducing the size of 
motor required is usually opposed by the preference of 
most operators for a larger motor than initial pumping 
conditions require to provide for the fact that a year 
or two later the load is likely to increase as the level of 
fluid in the well subsides, the gas decreases, or water 
encroachment increases. 


Reduction Gear Units. The old standard pumping rig 
with belted bandwheel to drive the crankshaft is in- 
efficient at best and the bandwheel and belts are now 
quite often replaced by single- or double-reduction 
gear units with a crank on the low-speed shaft. This 
has not materially affected the application of electric 
drive but has been brought about by the desire and 
necessity for better equipment to meet modern condi- 
tions. Electric drive has made it possible to detect 
the source of losses in the old equipment and is thus 
in a way considerably responsible for these improve- 
ments. Provision is made on these gear units to drive 
a tubing hoist for pulling operations. 

Such an arrangement is now frequently used to 
drive the calf-wheel for a stand-by hoist on a rotary 
drilling rig, and is usually equipped with a two-speed 
pumping motor. When the well is completed, this 
equipment is left installed at the same location for 
pumping the well, the tubing hoist and a walking beam 
being added, as well as a good mechanical counter- 
balance for the crank or beam. 

Central Power Jacks. Provided the terrain permits, 
the pumping of small producers, usually shallow wells, 
is accomplished in groups from a central plant, called 
a “power,” when it becomes uneconomical to pump 
them individually. The central power consists of one 
or more large eccentrics on a vertical shaft, the collar 
of the eccentric being attached to rods which extend to 
the wells and pump them by bell-cranks called pumping 
jacks. The central power shaft is engine- or motor- 
driven. As many as 20 or 25 wells are thus pumped from 
one plant. Hook-ups of 10 to 25 wells require approxi- 
mately 35 to 40 hp., but as the conditions vary larger 
motors are often used, from 40 to 75 hp. in some cases. 
The starting torque is usually heavy and may be ob- 
tained with a high-torque squirrel-cage motor, but is 
sometimes done by overmotoring. Constant-speed 
wound-rotor motors are used if there is no friction clutch 
on the rig, as slow starting is usually a necessary prac- 
tise to avoid rod breakage. 

CONTROL UNITS 

One of the rather unique developments in oil field 
electrification is the assembly of all control apparatus 
for a motor on welded structural steel or pipe framework 
at the factory, where it is completely wired before ship- 
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ment. This practise has been applied to drilling equip- 
ments, which must of necessity be frequently moved 
from one location to another, and to the two-speed 
pumping motor equipments, which include several 
items of control apparatus. The resulting advantages 
to the user are obvious, and are particularly important 
in an industry involving the difficult conditions of 
operation as encountered in the production of oil. 
The frameworks for these units are sturdily constructed 
to withstand abusive handling, and mounted on skids 
to facilitate frequent moving. 


PROTECTED EQUIPMENT 


In many installations of pumping equipment, no 
house is provided. Open type motors are usually 
covered with a small sheet metal “‘dog house,’”’ but the 
totally enclosed fan-cooled type of motor is becoming 
more popular. : 

There is a demand for a reasonable amount of pro- 
tection of the electrical equipment against hazardous 
gas conditions, particularly for drilling equipments 
where gas is more likely to be prevalent. Motors of 
the open type are usually acceptable to the oil companies 
but collector rings are specially enclosed by a suitable 
housing. Electrical contacts of the control apparatus 
are immersed in oil or are built in an enclosure specially 
designed for the purpose. In general, the design of 
such enclosures follows the recommendations of the 
U. S. Bureau of Mines for equipment permissible for 
use in gaseous mines, or of the Underwriters Labora- 
tories for equipment to operate in Class 1, Group D 
hazardous conditions. 

Where it is possible, as on drilling rigs, to set the 
control apparatus back at a safe distance from the 
well, this is sometimes done and standard equipment 
is then employed. 

Another method of protection which has been applied 
to both motors and control is to enclose them suitably 
and ventilate the enclosures with fresh air from a 
separate blower, the air being piped from a sufficiently 
distant point to be free from hazardous quantities of 
gas. This method is a good one for magnetic control 
equipments, which, if oil immersed, are considerably 
more expensive and give less satisfactory service on 
‘heavy duty. 


ArtrR-GAS LIFT 


When wells stop natural flowing, many of them can 
be made to flow artificially by compressed air or air 
forced down between the casing and tubing. The 
compressors are usually driven by squirrel-cage motors, 
75 to 200 hp., 8 poles, with close coupled belt drive. 
Hand starting compensators are generally used although, 
due to gaseous conditions, magnetic compensators 
placed in a separate building are often preferred. An 
oil immersed push button is located near the motor. 
Synchronous motors are being considered more and 
more for this service, due to penalty and bonus clauses 
in central station power rates. Intermittent blowing 
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is quite popular in certain fields and this is easily 
accomplished by an electric timer and electric solenoid 
valves. Frequently the valve controlling the flow of 
gas freezes up with ice due to the expansion of the gas 
and electrically heated valves have solved the problem. 


CONCLUSION 


Though the petroleum industry still relies largely 
on engine power, great strides have been made during 
the past ten years in the development and application 
of electrical apparatus and in the extension of central 
station power in the fields, and oil companies are giving 
an increasing amount of attention to its use. There 
are many other uses for electricity in oil production, 
such as for gathering and pipe line pumps, welding, 
dehydration, illumination, heating and refining, but 
these are beyond the scope of this paper. 
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Discussion 


David Hall: The paper calls attention to the fact that the oil 
industry is only 7 per cent electrified, which fact cannot be 
attributed in any measure to the inadequacy of electric power, 
but rather to the “inertia” of steam practise, the familiarity of 
operators with steam, and to the lower initial cost of steam equip- 
ment. Builders. of steam machinery have jealously noted any 
introductions of electric power and have met electrical competi- 
tion by larger engines and higher steam pressures and it is prob- 
able that the introduction of electricity in the oil fields has 
hastened the improvements in steam machinery. 
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This evolution is stillyprogressing and the paper refers to recent 
accomplishments in mud pump drive, the results of which have 
not yet been published. This drive, which was introduced by 
the Westinghouse Electric & Manufacturing Co. and tried out 
through the cooperation of one of the large’ oil companies in 
Southern California, consists of wound rotor induction motors 
with permanent resistance and reactance in the rotor circuit. 
The real reason for this arrangement is to provide a prime mover 
which will slow down under increasing loads and actually stall 
before any injury is done to the pumps. This arrangement suc- 
cessfully operates pump, singly or in tandem, or in parallel and 
the entire equipment permits of stalling and the maintaining of 
the stalled torque for operations when low speed and high pres- 
sures are necessary. 


The use of permanent resistance in the rotor with the necessary 
losses may provoke criticism if the equipment is narrowly viewed, 
but a broader vision of the over-all efficiency will clarify this 
question. For example, the normal cost of operating a full 
drilling outfit is roughly $600 for twenty-four hours. If electri- 
cally equipped the cost of power will not exceed $20 or $30 per 
day, of which $2 per day might be charged to the resistance, 
without which the entire operation would be less safe. 


Rotary Drilling. The paper has given a concise résumé of 
rotary drilling, which is the universal method used in California. 
As an example of progress it might be mentioned that the deepest 
well in the world, drilled to a depth of 10,030 ft. in the Ventura 
district, uses a completely electrified rig of the Hild differential 
type, and two motors as described in the paper. 


The drilling equipment was supplied with two 25/65-hp. 
motors having a total pull-out torque equivalent to approxi- 
mately 600 hp. In this differential drilling arrangement, the 
full power of both motors is available for either drilling or 
hoisting. 

As a further example of the increased demands for more power 
for drilling these deep holes and the desire for faster drilling, 
single-motor sizes have been increased from 50 hp., as of less 
than ten years ago, to the present Y-delta equipment referred to 
in the paper and it is well to note that this equipment has an even 
greater maximum torque capacity than the 600 hp. mentioned 

above. 


Direct Current. Our reason for introducing direct current in 
the oil fields was to meet a demand for the use of electricity in 
the drilling of wildcat wells. Since the electric power must be 
generated at the well site, the simplest and most flexible equip- 
ment could be made with direct current. 

The first equipment was set up in the Los Angeles district, 


particularly for close observation, and after successfully drilling . 


three wells, it was moved to an isolated district in Colorado, 
where it is now in use. The success of this equipment has been 
followed by the sale of additional equipments and the problem of 
wildeat drilling has been demonstrated. The use of such equip- 
ment will probably be expanded as the economies of this method 
become more generally known. 

The authors have not only pointed out the use of electricity 
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in drilling but have called attention to the problem of pumping. 
This problem is demanding more attention probably than any 
other in the oil fields. Much total power is involved on account 
of the many wells, some 350,000 now active, and efficiency is a 
major concern. Numerous schemes have been devised and 
many are on trial; the final answer is not in sight and the great 
depths now encountered have increased the difficulties and 
interest in this subject. 

F. E. Terman: | would inquire as to whether any serious 
efforts have been made to develop electrical pumps in which the 
motors can be dropped down into the casing. In the ease of 
deep wells I understand that the gas pressure is relied upon to 
lift the oil part way to the surface, and that the pumping methods 
now employed will not satisfactorily pump the well if the gas 
pressure fails. This is because the stretch and inertia of the 
pumping rods are such that when the length is in the order of two 
miles impulses applied by a motor at the surface must he con- 
sidered as traveling by wave propagation, and this introduces 
many complications. I have heard that several attempts have 
been made to develop some sort of a centrifugal pump and motor 
unit that could be dropped down the well casing, and would 
appreciate hearing a discussion of the merits and disadvantages 
of such pumps, and whether there is any serious effort now being 
made toward the development of such equipment. 

H. C. Hill and J. B. SeLegue: As far as submersible motors 
are concerned, a number of attempts has been made to solve this 
problem in order to produce a more efficient method of pumping 
and one which could operate on crooked holes and at great 
depths. These experiments have been along the line of centrif- 
ugal pumps as well as reciprocating pumps but it is the opinion 
of the writers that although some success has been obtained in 
wells to a depth of 3,000 ft., it is not practical as yet to pump wells 
of 7,000 ft. or more by this method. In the first place, the small- 
est motor so far constructed has an outside diameter to fit in a 
654 in. casing and this of course would not fit in the bottom of 
some of the deeper holes. It is also very difficult to seal the motor 
so that it will not absorb moisture at the tremendous pressures 
which are encountered. Furthermore, the cable to conduct the 
power from the surface to the motor is very expensive, difficult 
to handle, and not of long life. There are very few of these 
submersible pumps in operation in the oil industry although 
several of them have been used in water well pumping of shallow 
depths. More experience has been had on these in the mid- 
continent field than in the California field but we understand 
that very few of them have been used over 2,000 ft. in depth. 

More detailed description of the design and operation, as well 
as some of the results obtained is contained in an article by E. 8. 
Haury, page 126, of the 1931 issue of the Petrolewm Engineer 
Handbook published by the Petroleum World. It might be 
interesting at this point to add that as far as pumping with 
sucker rods at great depths is concerned, satisfactory results have 
been obtained in wells at Santa Fe Springs with the pump located 
7,801 ft. from the surface. This matter is covered in an article 
by Mr. B. H. Robinson in the proceedings of the Twelfth Annual 
Meeting of the American Petroleum Institute, November, 1931 
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Synopsis —The paper covers a number of thermal or calorimeter 
tests which were made on a 55,000-kva. generator at the Queenston 
generating station of the Hydro-Electric Power Commission of 
Ontario. The objects of the tests were to determine stray-load 
losses on short circuit and under rated load, and to obtain some 
information regarding the accuracy of this type of test. The paper 
includes descriptions of the methods followed and of the actual 
tests made. The details of the calculations are given in the appendix. 
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The results of the tests show that the stray-load losses can be 
determined with fair accuracy by this method on large units when an 
enclosed system of ventilation is used. They also seem to show that 
the difference between the stray-load losses under load conditions and 
under short-circuit conditions is slight, and that a test under load 
conditions is justified only when a very accurate determination of 
the losses is required. For most purposes, a test wnder short-circust 
conditions seems to be sufficient. 


INTRODUCTION y 


HIS paper covers a number of thermal or calorim- 
eter tests which were made on a large hydraulic 
turbine-driven electric generator at the Queenston 

generating station of the Hydro-Electric Power Com- 
mission of Ontario. The primary object of the tests 
was to determine stray-load losses on short circuit and 
under rated load, and information was also desired 
on the accuracy of this method of determining the 
stray-load losses. 


DESCRIPTION OF UNIT 


The generator tested is known as No. 10 unit. The 
nominal rating of this machine is 55,000 kva., 12,000 
volts, 80 per cent power factor, three-phase, 25-cycle, 
18744 r.p.m. It is practically a duplicate of the 
45,000-kva. units that have been previously described.! 

The tenth unit differs from the preceding ones in that 
it has a closed ventilating system. Fig. 1 shows, in 
diagrammatic form, the ventilating arrangement of the 
first machines installed. The air is drawn in through a 
duct, either from the outside or from the generator 
room. After passing through the-windings and core 
it is discharged through the generator frame into an 
enclosure between two floors of the power house. It is 
then discharged to the roof of the power house through 
exhaust fans, or if it is desired, the air can be recircu- 
lated to heat the generator room. A diaphragm is 
located across the wheel pit just below the generator 
coupling for the purpose of keeping the ventilating air 
clear of the turbine floor. 

Fig. 2 shows, diagrammatically, the ventilating 
arrangement used on No. 10 unit. It will be noticed 
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that the ventilating system of the new unit is com- 
pletely closed. The heated air discharged from the 
unit passes through two air coolers each having a water 
requirement of 250 gallons per min. with cooling water 
at 20 deg. cent. The two coolers will absorb 1,090 kw. 
from the air, with a rated air flow of 115,000 cu. ft. per 
min. 


CALCULATED Loss DATA 


It is possible to calculate the losses of a synchronous 
machine with a very close degree of accuracy. The 
only losses about which there is any great uncertainty 
are those defined in the A. I. E. E. Standards as the 
stray-load losses. 

Several writers?® 7's have attempted to develop 
methods for calculating these losses but, as far as the © 
writers know, no complete determination has been 
published. Eddy current losses in the armature copper 
can be calculated with a fair amount of accuracy but the 
extra iron losses are practically impossible of calculation. 

In Holmes” paper it is shown that the armature eddy 
current loss was of the order of 50 per cent of the total 
stray-load losses in a certain machine. Since the loss 
that can be readily calculated is such a small percentage 
of the stray-load losses, the practical method of deter- 
mining them before the machine is tested is to compare 
the machine with others of similar construction that 
have been tested, and to estimate the stray-load losses 
from the test data on the previous machines. 

The calculated ratio of the a-c. resistance to the d-c. 
resistance, following Gilman’s method,* was as follows: 


Top cok side.on ae 1.16 
Bottom coil side........ 1.08 
Average for winding..... 2 lap Bs 


A comparison with tests on other similar machines 
indicated that the total stray-load losses would be 
approximately five to six times the eddy current loss in 
the armature copper. Since the calculated value of 
armature J? R loss at 75 deg. cent. was 205 kw. the 
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Pr NI |. [ragate ate 55000 KV.A. QUEENSTON GENERATOR — 


SKETCH SHOWING SYSTEM OF VENTILATION. 


FIRST UNITS INSTALLED 


55000 KVA.QUEENSTON GENERATOR —— 
SKETCH SHOWING SYSTEM OF VENTILATION. 
s2 10 UNIT 


Fic. 2—D1acram To InpusTRATE VENTILATING ARRANGEMENTS OF No. 10 Unir At QUEENSTON 
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armature eddy current loss would be approximately 
25 kw. and the total stray-load losses between 125 and 
150 kw. As the A.J. E. E. Standards at the present 
time recognize only the determination of stray-load 
losses with the machine short-circuited, the above 
estimated losses are based on such tests. 


METHOD OF TESTS 


The general method followed in making the tests was 
to operate the unit under a number of conditions until 
the temperature of the cooling air, stator iron, and 
stator copper became constant, great care being taken to 
measure these quantities, especially the temperature 
of cooling air, very accurately. As the accuracy of this 
type of test depends on a very accurate measurement 
of the temperature of ingoing and outgoing air on each 
of the tests, a number of high grade thermometers 
calibrated and graduated to 0.2 deg. cent. was used. 
Ten of the thermometers were used on the outgoing air 
from the generator placed at the point where this air 
enters the cooler. Ten thermometers were also used to 
measure the temperature of the air at the point where it 
leaves the cooler. Eight thermometers was placed on 
the stator iron, one on the top iron and one on the 
bottom iron, equally spaced around the periphery. 
Thermometers were also placed on the steel wall of the 
chamber enclosing the unit, and in the air outside this 
chamber. A number of thermometers was placed in 
the inlet air ducts to the unit to determine if there was 
any drop in temperature after the air had left the cooler. 
Twenty-four thermocouples located in the stator slots 
were read during the tests, the average of these 24 
detectors being taken as the temperature of the stator 
copper. 


Electrical readings of current, voltage, and power 
were all taken with portable meters of good accuracy. 
It should be clearly understood, however, that all these 
tests were made in the field, and although every effort 
was made to hold the electrical quantities as nearly 
constant as possible, this could not always be done. 
The variations were, in most cases, small, but, as will 
be noted later, when the short-circuit thermal test was 
made it was found that the stator current had increased 
considerably before being corrected, and this introduced 
an inaccuracy in the temperature reading, which how- 
ever practically corrected itself after an adjustment of 
the current was made. 


TEST DATA 


The following data had been obtained when the 
acceptance tests were made on the unit. The friction 
and windage and core loss were determined by the 
retardation method.” 


Friction and windage......2.... ase 215 kw. 
Core loss at 12,000 volts................ 355 kw. 
Stator resistance, T-T, at 75 deg. cent. . .0.0197 ohms. 
Rotor resistance at 75 deg. cent.-........ 0.341 ohms. 
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The estimated friction loss in the bearings was 
approximately 65 kw. 


TESTS 
The following tests were made: 
Test No. 1—Windage Test. 


For this test, the unit was operated for 914 hours at 
synchronous speed without excitation. Temperatures 
were then read for 21% hours at 1%-hour intervals. 
At this time the test was discontinued, as the time 
available for the other tests proposed had become 
limited. Although the temperature rise of the air was 
almost constant the unit had apparently not come to 
complete thermal equilibrium. Accordingly, the results 
of this test were discarded and the test repeated later. 

When the test was repeated the unit was operated at 
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synchronous speed without excitation for 201% hours. 
Readings of temperatures were taken during the first 
part of the cooling cycle for a period of 5 hours, and two 
readings of temperatures were taken at the end of the 
cooling period. The results of this test are shown in 
Fig. 3. The temperature rise on windage was slightly 
lower than that obtained on the first test. 

Test No. 2—Core Loss. 


_ The unit was operated at synchronous speed with 
sufficient excitation to give 12 kv. at its terminals. 
The results of this test are shown in Fig. 4. 

The results of this test are very consistent, and indi- 
cate that the temperatures of the unit and the tempera- 
ture rise on the air can be found very accurately, 
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although the test must be continued for a sufficient 
length of time to allow the temperatures of all parts of 
the unit to reach a constant value. It will be noted 
that the temperature of ingoing air to the unit rises 
along with temperature of the unit itself; air, iron, and 
copper temperature arriving at a constant condition 
at the same time. 

Test No. 3—Short-Circuit Test. 


On this test the unit was operated at its rated current 
of 2,650 amperes under three-phase short circuit. The 
results of this test are shown in Fig. 5. 

It was found difficult to hold the stator current con- 
stant on the unit, as it has a direct-connected shunt 
wound exciter, so that small variations in the speed 
caused a corresponding variation in the excitation and 
a change in the value of current. No special arrange- 
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WINDAGE 


Terminal voltage....... 12,000 volts 
Field current........... 314 amperes 
Collector ring voltage... 98 volts 


ments were made to control the excitation of the unit, 
and it is believed the accuracy of the test could be 
increased by a small degree if this had been done. 
Test No. 4—Test at Rated Load. 

This test was made in two parts, Test No. 4(a) with 
a water rate of 500 gallons per minute through the 
coolers and with rated load on the unit, and Test No. 
4(b) with a water rate of 400 gallons per minute with 
the same load as on the previous test. In order to 
complete the test in a minimum time, the unit was 
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STRAY-LOAD LOSSES 15 
operated for 8 hours at approximately rated load during 
which no temperature readings were taken. The load 
was then set accurately as close to rated conditions of 
load, power factor, and voltage as could be obtained and 
held at this value. Temperature readings were taken 
over a period of 3 hours at 1%-hour intervals. The 
water rate was then adjusted to 400 gallons per minute, 
and temperature readings taken for 41% hours at 14-hour 
intervals. The results of this test are shown in Fig. 6. 
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Fie. 5—Heratrine Curves—Test No. 3—Suorr- Circuit Loss 
AND WINDAGE 


Armature current........ 2,650 amperes 
Field current............ 320 amperes 
Collector ring voltage.... 98 volts 


This test indicates the accuracy with which the tem- 
perature measurements were made, and the effect of 
changing the water rate through the coolers. It will 
be noted that immediately following the adjustment of 
water rate, changes in temperature occurred which 
although not great, were quite definite, and a period 
of 41% hours was required to bring the unit back to new 
constant temperatures differing from the previous ones 
by approximately 1144 degrees. The temperature rise 
of the air and on the iron, however, returned to the 
same values which they had had with a water rate 
of 500 gallons per min. 


RESULTS OF TESTS 


The stray-load losses are determined by the difference 
between the total losses as calculated from the tempera- 
ture rise of the air, and the known losses. The actual 
steps in the calculation of the stray-load losses are given 
in detail in the appendix. 
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The following is the method used in working up the 
results: 

The first test gives the temperature rise on windage 
only. The second test gives the rise due to windage and 
core loss. The difference between these two tem- 
perature rises gives the rise due to core loss only. 
Since the core loss is known from other tests, a constant 
K may be calculated giving the kilowatt loss per degree 
rise. The kilowatt loss may then be determined for 
any other operating condition, from the air rise. 

These calculations involve the following assumption: 

In an enclosed ventilating system, where heat is 
being generated at a constant rate and the air is being 
cooled in coolers using a constant flow of cooling water, 
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1st Period 2nd Period 
Water Tate. i. ed. 500 gal. per min.... 400 gal. per min. 
Armature current........ 2,580 amperes......... 2,610 amperes 
Terminal voltage........12,070 volts...........11,900 volts 
Kw rload. Jei02 2 Be te ape 43,400 kw.............43;200 kw. 
Wield current... -.........2 608 amperes........ 612 amperes 
Collector ring voltage.... 229 volts........... 234 volts 


the kilowatts converted into heat are proportional to the 
temperature rise of the air, after all conditions have 
become constant. 


It is readily seen that the crux of the method is that 
all conditions must be constant. Among other things, 
this requires that the humidity and barometric pressure 
must not change during a series of tests. If the barom- 
eter were to drop appreciably during a series of tests, the 
constant K would be affected, and it would be neces- 
sary to repeat the “windage only” and the ‘“‘windage 
and core loss’”’ tests, in order to obtain reliable results. 
Also, a constant K, determined under certain atmos- 
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pherie conditions, cannot be used with the results of 
tests under different atmospheric conditions. 

The following are the losses, as computed from the 
tests. 


Test No. 1 Windagesawamnae i arene 152 kw. 
Test No. 2 Windage + core loss............. 538 kw. 
Test No. 3 Total losses on short circuit....... 483 kw. 
Stray-load losses, by difference... .108 kw. 
Test No. 4 Total losses under load conditions. .990 kw. 
Stray-load losses, by difference. ...138 kw. 


A check on these losses was obtained from the heat 
absorbed by the cooling water. 

The details of the calculations are shown in the 
appendix. The following are the results: 


Test No. 2 Heat absorbed by cooling water = 475 kw. 
Test No.3 Heat absorbed by cooling water = 475kw. 
Test No. 4(a) Heat absorbed by cooling water =1,030 kw. 
Test No. 4(b) Heat absorbed by cooling water =1,010 kw. 


These figures are remarkably close to the figures 
obtained from the air rise, when it is remembered that 
the thermometers used in the cooling water were read 
to the nearest half degree only. 

The generator has a plate shell surrounding it, and an 
attempt was made to determine the amount of heat lost 
from this shell during the various tests. The tempera- 
ture of the shell and the temperature of the surrounding 
air were determined and the radiation loss calculated 
as shown in the appendix. The following are the values 
of the radiation losses, as calculated. 


SPOStINO. ale cece ee eee None 
‘Test; NoA2 2 oe ae rae 7 kw 
‘TesheNon3: aso eee 4 kw 
Testgno .Aees ae seats 16 kw 


A recalculation was made, allowing for the above 
radiation losses, whichis shown in detail in the appendix. 
The following are the results. 


Test Nora *WindacGre eae eae ee 149 kw. 
Test No.2 Windage + core loss............ 535 kw. 
Test Now3:) Woteldlosswc.ae ee ke eee ees 479 kw. 

Stray-loadslosséser <a. 4 aks eee 104 kw. 
Test Ney 4- Totaldosss:. Sexe. 409.20. eee 987 kw. 


Stray-load Jossés;, -...4..0 0m aloo aye 


This calculation indicates that the radiation loss 
makes a very small difference in the stray-load loss 
measured by this test. It is probably less than the ex- 
perimental error associated with the type of test. 

Bearing friction gives a further remarkably close 
check, as follows: 


Friction and windage loss, retardation test. ...215 kw. 
Windage loss, calorimeter test............... 152 kw. 
Prietion loss byediierence’.s. «400.644 alate 63 kw. 
Hstimatedsirietion JOSSeVeH oe )..ke tee eee 65 kw. 


CONCLUSION 
The results of this test indicate that, for this particu- 
lar type of unit, the stray-load losses under short 
circuit and at rated load are approximately equal. 
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The stray-load losses are about 50 per cent of the 
stator copper loss at rated load. The results also indi- 
cate that if sufficient care is taken in the measurements 
of temperatures, the stray-load losses can be determined 
with fair accuracy on large units when an enclosed 
system of ventilation is used. The great drawback 
appears to be the time necessary to make a complete 
series of tests, although it is possible that a compromise 
test over a short period of time may be made and the 
final temperature rise of the air determined by 
calculation. 

The difference between the stray-load losses under 
load conditons and under short-circuit conditions is 
slight, but these tests seem to show that the losses under 
load conditions are a little higher than those deter- 
mined under short-circuit conditions. 

The results obtained by Laffoon and Calvert"! by 
calorimeter tests on turbo-generators also show the 
stray-load losses under load conditions to be slightly 
higher. In other words, if an accurate determination of 
the losses is required, a test under load conditions is 
justified, but for most purposes, a test under short- 
circuit conditions seems to be sufficient. 


Appendix 
CALCULATIONS 


For the benefit of those who wish to check the cal- 
culations in detail, the actual figures are given here. 


1. To Determine Constant K 


Test No. 1 
Temperature rise due to windage 
= 3.6 deg. cent. 
Test No. 2 
Temperature rise due to windage + core loss 
= 12.75 deg. cent. 
Temperature rise due to core loss only 
= 9.15 deg. cent. 


355 kw. 
31 kw. 


Core loss 
Field copper loss 


Total loss heating air 386 kw. 
Constant K = kw. per deg. cent. rise = 42.19 


2. To Determine Total Losses 


Test No.1 Temperature rise = 3.6 deg. cent. 
Total loss = 152 kw. 
Test No.2 Temperature rise = 12.75 deg. cent. 
Total loss = 538 kw. 
Test No.3 Temperature rise = 11.45 deg. cent. 
Total loss = 483 kw. 
Test No.4 Temperature rise = 23.5 deg. cent. 
Total loss = 990 kw. 


3. To Determine Stray-Load Losses, by Difference 


Test No.3 Total loss = 483 kw. 
Windage loss = 152 kw. 
Field copper = 31 kw. 
Stator copper = 192 kw. 
Total, by summation = 375 kw. 


Stray-load losses, by difference. .. 108 kw. 
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Test No.4 Total loss = 990 kw. 
Core loss = 355 kw. 
Windage = 152 kw: 
Field copper = 145 kw. 
Stator copper =-200 kw. 
Motal; by stimmation #2... t o2 852 kw. 


Stray-load losses, by difference. ..138 kw. 


COOLING WATER CHECK 


500 Gallons of water per minute 
= 5,000 lb. per minute 
= 5,000 X 0.45386 = 2,268. 
1 kg. ealories = 4.186 kw-see. 
Therefore 1 deg. cent. rise in 500 gals. of water per 
minute is caused by 2,268 kg. calories per minute, or by 


Kg. per min. 


X 4.186 = 158.2 kw. 


2268 
60 


Test No. 2 and Test No. 3 


Water rate = 500 gallons per minute. 
Rise of cooling water = 3 deg. cent. | 
Hence, heat abstracted = 3 * 158.2 = 475 kw. 


Test No. 4 (a) 


Water rate = 500 gallons per minute. 
Rise of cooling water = 6.5 deg. cent. 
Heat abstracted = 6.5 X 158.2 = 1030 kw. 


Test No. 4 (b) 


Water rate = 400 gallons per minute. 
Rise of cooling water = 8 deg. cent. 
Heat abstracted = 8 X 0.8 X 158.2 = 1010 kw. 


RADIATION Loss 
Radiation constant = 1.77 B. t. u. per hr. per deg. fahr. 
Radiating surface = 1,140sq. ft. 
Radiation from complete casing per deg. cent. ~ 
1.77 X 1140 X 1054 x 1.8 
3600 x 1000 


= 1.063 kw. 


Test No. 2 
Temperature difference between shell and surround- 
ing air = 6.5 deg. cent. 
Radiation loss = 6.5 X 1.063 = 7 kw. 


Test No. 3 
Temperature difference = 3.8 deg. cent. 
Radiation loss = 3.8 < 1.063 = 4kw. 
Test No. 4 
Temperature difference = 14 deg. cent. 


Radiation loss 14 xX 1.063 = 15 kw. 
RECALCULATION, ALLOWING FOR RADIATION 


1. To Determine Constant K 


ll 


Temperature rise due to core loss only = 9.15 deg. cent. 


Kw. core loss + field loss Se SONIC: 
Radiation loss = 7 kw. 
Loss heating air = 379 kw. | 


Constant K = 41.4 


18 FLOYD AND DUNBAR: STRAY-LOAD LOSSES 


2. To Determine Total Losses 


K Xtemp. Radiation 
Test No. Temp. rise rise loss Total loss 
| ae ee 3:6? Catal Oe es cee (Os ee cere 149 
2 Bl Pda ASG OES a8 Gir DLS ee hee co eee 535 
3 (Ree SPR GI se alah tae NESS tear go 7 We, Cc es 479 
4 Used a Oy eee es ene 97255: NS reel eae 987 


este NOs 0) Otel OSSéSin oe spel etic 479 

Losses, by summation. ......375 

Stray-load losses............ 104 

IRestiNox4. ae otal Ossesy cin an eiec eater 987 

Losses, by summation. ......852 

Stray-load losses............135 
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Discussion 


E. A. Crellin and F. I. Lawson: During recent years more 
and more attention is being directed to the matter of water- 
wheel efficiencies. Since the only practical method of determin- 
ing the efficiency of a modern prime mover is by calibrating the 
generator as a dynamometer and carefully measuring its output 
while it is assuming the power system load, hence the accuracy 
of hydro unit efficiency tests depends on the accuracy of the 
generator calibration. 

Most generator losses can be determined with refinements well 
within the range of accuracy of the hydraulic input measure- 
ments. Stray load losses, however, fall into the classification of 
residual losses which cannot be readily isolated. Following the 
best information available the Institute has set up rules for the 
allocation of stray load loss based on measurements made under 
the very low magnetic density existing in the machine during a 
steady short-circuit state. This has often aroused the natural 
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inquiry as to whether or not such a determination completely 
includes all the losses which may be present during load con- 
ditions involving much higher and differently distributed mag- 
netic densities. The fact that the Institute rules concerning this 
point have been changed within comparatively recent years to 
recognize higher losses bears witness to the uncertainty regarding 
these stray load losses. 

For these reasons the information presented by the authors, 
giving an independent determination of stray load losses, is a 
distinet contribution to the hydraulic as well as the electrical 
engineer. 

Within the past eight or nine years efficiency tests have been 
made on quite a number of hydroelectric units on the Pacific 
Gas and Electric system. The following tabulation of generator 
losses obtained by the retardation method during some of these 


‘tests may be of interest. 


The Stanislaus unit has been used during recent years as some- 
what of a proving ground for waterwheel buckets. Tests on the 
unit when equipped with different types of buckets on the two 
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overhung wheels could not be verified by tests using each wheel 
singly. The single wheel tests of course involve half load on the 
generator for full load on the wheel, whereas when using both 
wheels the loading becomes complete on the generator as well 
as the wheels. Since the generator is of a rather early design 
(1907) and was later rebuilt for a higher rating, its stray load 
losses under full load conditions come under suspicion as an 
uncertain factor. 

In an attempt to investigate the matter of these stray load 
losses advantage was taken of a small laboratory unit in a rather 
novel way. The unit used consists of a d-c. motor driving two 
identical 15-kw., three-phase, 110-220-volt generators mounted 
on the same shaft, one of which ean have its stator shifted at will 
with respect to the other. By paralleling the two generators 
while driven by the motor and then shifting the stator of one of 
them, an electrical phase shift is introduced which forces the 
flow of power from one generator to the other. This power is 
returned to the first machine through the common shaft and 
hence the d-ce. motor is only called upon to furnish the losses in 
the set. 

Measurements of friction, windage, core loss, I?R and stray 
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load losses were made by d-c. input in the customary Institute Tests of this kind on a small, rather specially designed machine 
manner. The a-c. machines were then loaded into each other may at first sight appear to be incomparable with results to be 
and the total d-c. input measured for various amounts of inter- expected on large commercial units, and yet the subdivision of 
changed load. Fig. 1 shows how very closely the measured conductors introduced on large, modern machines should ac- 
losses under actual loading correspond with the sum of the losses complish somewhere near the same degree of eddy current 


determined in the manner prescribed by the Institute rules. isolation as exists in the laboratory machine. 
Rated Friction Stray 
Kya. of Date of power Type of and Core and 
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Power Transmission and Distribution Krom the 
Mokelumne River Development of the Pacific Gas 
and Electric Company 


BY E. M. WRIGHT: 


Member, A. I. E. E. 


Synopsis.—The additional power generated on the Mokelumne 
River has a peak capacity in excess of 150,000 kw. It is transmitted 
over a double-circuit 220-kv. transmission line approximately 109 
miles to Newark substation where it is fed into the existing 110-kv. 
and 60-kv. networks of the Pacific Gas and Electric Company. 

Newark substation has rapidly grown into the most important 
substation on the system and numerous alterations and additions 
have been made-from time to time to provide increased capacity. 
The addition of 150,000 kw. of peak capacity into this station has 
necessitated a major rebuilding and it has now become a twin station, 
divided into two major parts for the purpose of reducing oil circuit 
breaker interrupting duties and lessening the concentration of power 
on a single bus. 

In addition to the two 220-kv. Mokelumne lines, there are sixteen 


and 
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110-kv. and three 60-kv. transmission circuits radiating from 
Newark substation. With the final addition of the third transformer 
bank for incoming Mokelumne power there will be 249,000 kva. of 
transformer capacity and 75,000 kva. of synchronous condenser 
capacity connected to the bus. 

The Mokelumne River Development consists of two major storage 
reservoirs and four power houses. From this development it is 
necessary to carry the power over 100 miles to a central distribution 
point. The existing lines from this territory consist of one 60-kv. 
wood pole line. It is, therefore, necessary to consider transmission 
lines and substation facilities which would take care of the entire 
development. The storage reservoirs and power houses are described 
in a companion paper, “Hydroelectric Development on the Mo- 
kelumne River,” by EH. A. Crellin, see page 28. 


HE transmission line will extend in two circuits 
T from Tiger Creek power house, the major plant, 

in a southeasterly direction for approximately 
109 mi. (175 km.) to Newark, the position chosen for 
the substation, at the south end of San Francisco Bay. 


En route, the line crosses the ultimate 220-kv. twin- 
circuit tower line from the Feather River hydroelectric 
plants, to the San Joaquin Light and Power Corpora- 
tion’s proposed steam plant near Fresno. Both of the 
Mokelumne River circuits are tapped through a switch- 
ing station at this point of crossing, and feed south on 
one circuit on the No. 2 position of this tower line, about 
100 mi. (161 km.) to the San Joaquin Light and Power 
Corporation’s substation near Fresno. The. Mokelumne 
lines also generally parallel for the last half of their 
lengths, two separate 110-kv. twin-circuit tower lines, 
one from the Spaulding-Drum hydroelectric develop- 
ment in the northwest and the other from the Stanis- 
laus hydroelectric development in the eastern part 
of the company’s territory. 


An extended study, with due regard to the above 
conditions as well as for future ties to the company’s 
existing system, showed that a voltage of 220 kv. would 
deliver the power with less cost per kilowatt-hour than 
would 110 kv. The receiving voltage at Newark was 
set at 200 kv. to permit future interconnection with 
Vaca-Dixon substation and the lines from the Pit 
River development. Sending voltage was set at 215 kv. 
so that charging current would be supplied from the 
receiving end and generators would operate at unity 
or lagging power factor and thereby require high 
excitation essential for good stability. 


1. Pacific Gas & Electric Co., San Francisco, Calif. 


Presented at the Pacific Coast Convention of the A. I. E. E., Lake 
Tahoe, California, August 25-28, 1931. 
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110-Kv. LINE 


In addition to the 220 kv., there is a single circuit line 
from Salt Springs to Tiger Creek power house. On 
account of the smaller amount of power available at the 
Salt Springs power house, 110 kv. was found to be best 
suited to this circuit. 

The 110-kv. line is approximately 17 mi. (27 km.) 
long and generally parallels the Mokelumne River at an 
elevation of 3,800 ft. (1,158 m.) at Salt Springs, and 
2,400 ft. (782 m.) at Tiger Creek, reaching 5,000 ft. 
(1,524 m.) about half-way between. Due to the snow- 
fall in this territory, the circuit is in flat configuration, 
141% ft. (4.42 m.) between conductors, on snow-type 
towers with concrete foundations. (Fig. 2.) The con- 
ductor is 4/0, 7-strand medium hard-drawn bare copper 
except in some long spans where 4/0 ‘“Hitenso” 
copper is used for the additional strength required. 
All splices are the drawn-joint type and were put on in 
the field with a portable draw-bench built for the pur- 
pose. Standard strength suspension type insulators in 
strings of eight 10-in. (25.4 cm.) units were used at all 
suspension points with nine units at most dead-ends. 
High strength insulators in strings of nine 11-in. (28 cm.) 
units were used at several dead-end points where the 
strain was excessive, such as at high points in the line. 
The normal span is 600 ft. (188 m.) but a number of 
spans are between 1,500 ft. (457 m.) and 2,100 ft. (640 
m.). Transpositions are the rolling type without 
dead-end, and are completed in three normal spans by 
carrying one outside wire over the top of the other two 
on extensions attached to the top of two standard 
towers. A minimum angle is maintained at all insulator 
supports by offsetting the transposition towers. (Fig. 3.) 


220-Kv. TOWERS 
The 220-kv. transmission line starts from Tiger 
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Creek power house at an elevation of 2,400 ft. (731 m.) 
and ends at Newark at an elevation of 7 ft. (1.1 m.) 
above sea level. It consists of two general types of 
towers and two types of conductors, and is divided into 
three types of loading and also three zones of insulation. 
Neither the types of towers, conductors, loading or 
insulation sections coincide with each other exactly 
so that an explanation of each must be given separately. 
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In the heavy loading area, which provides for 1%4-in. 
(12.7 mm.) ice, and 6 lb. per sq. ft. (29.3 kg. per sq. m.) 
wind at 0 deg. fahr. (— 17.8 deg. cent.) and covers 16 mi. 
(25.7 km.) of line, there are two lines of single-circuit 
snow-type towers with concrete foundations. The 
circuit is in flat configuration with a horizontal separa- 
tion between adjacent conductors of 20 ft. (6.09 m.) 
(Fig. 4). 
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The medium loading area provides for 14 in. (6.35 
mm.) of ice and 6 lb. per sq. ft. (29.38 kg. per sq. m.) 
wind at 0 deg. fahr. (— 17.8 deg. cent.) and covers a line 
distance of 11 mi. (17.7 km.). In this section of line 
there are twin-circuit steel towers on concrete founda- 
tions. These towers permit a semi-vertical configura- 


tion for both circuits with the center conductor offset 
5 ft. (1.52 m.) outward giving 15 ft. (4.57 m.) separation 


Fig. 2—110-Kv. Tower Line Near Sart Sprincs Pownr 


House 


between the conductors vertically, 28 ft. (8.58 m.) hori- 
zontal separation between the top wires and bottom 
wires of the different circuits and 38 ft. (11.58 m.) hori- 
zontal separation between the middle wires of the 
different circuits. (Fig. 5.) 


3—Typrs or TRANSPOSITION STRUCTURES AND Mrruop 
or TRANSPOSING Wrres IN SNow TerRrRiToRY ON 110-Ky. aNp 
220-Ky. Lings 


Fie. 


The structures in the light loading area permit a load- 
ing of an 8 lb. per sq. ft. (89.1 kg. per sq. m.) wind at 
25 deg. fahr. (— 3.9 deg. cent.). This area covers the 
remaining distance to Newark 82 mi. (132 km.) but is 
divided into two sections as far as towers are concerned. 
The first section, 53 mi. (85 km.) covers the entire 
valley from Valley Springs to Tracy and consists .of 
towers the same as in the previous section except that 


22 WRIGHT AND DEXTER: POWER TRANSMISSION AND DISTRIBUTION 


the center conductors are not offset. (Fig. 6.) The 
remaining section 29 mi. (46.6 km.) is considered fog 
area, and contains structures having the same steel, 
below the crossarm, as the previous sections. The 
crossarms are longer and farther apart and provide a 
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SHOWING TRANSPOSITION SCHEME 
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vertical separation between conductors of 18 ft. (5.48 
m.) and a horizontal separation between circuits of 33 
ft. (10.06 m.). These larger spacings are used to permit 
increased insulation. (Fig. 7.) 

The normal span on the snow-type towers is 600 ft. 
(183 m.) and on the twin-circuit towers 800 ft. (244 m.) 
but there are many spans from 1,000 ft. (805 m.) to 
1,800 ft. (549 m.) in length. Towers of the same type 
but of increased strength are used where necessity re- 
quires, but no dead-ends or semi-strains are used unless 
required for angles, up-strains or crossings. 

Transpositions on the snow-type towers are made the 
same as in the 110-kv. section but in the twin-circuit 
section they are made by separating the circuits and 


Fie. 


6—Derap-Enp Tower In Licur Loaping AREA 


adding an extra tower at the center of the transposition. 
Normal spans are sufficient and the rolling type of 
transpositions, without dead-end, is used. (See Figs. 
5 and 8.) 


CONDUCTORS 


Preceding the choice of conductors, extensive tests 
were made at Ryan Laboratory, Stanford University, 
on a three-phase, 220-kv. line under various spacings, 
positions and weather conditions, to determine corona 
losses for cables of various diameter. As a result of 
these tests two different types of cable were chosen. 
(TRANS. A. I. E. E., March 1981, Vol. 50, p. 36.) 

Between Tiger Creek and Valley Springs, 27 mi. 
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(43.5 km.), the heavy and medium loading area, where 
higher strength was required due to snow and sleet, 
aluminum cable steel reinforced was chosen. This cable 
has 518,000 cir. mils (834.2 cir. mm.) of aluminum and 
an outside diameter of 1 in. (2.54 em.). The stranded 
steel core is approximately °% in. (15.9 mm.) in diam- 
eter. Standard, Aluminum Company of America, com- 
pression joints were pressed on in the field for all splices. 


7—220-Kyv. Tower IN Foe SECTION 


Hire. 


The stringing tension at 60 deg. fahr. (15 deg. cent.) in 
the heavy loading area is 3,200 Ib. (1,460 kg.) and in the 
medium loading area it is 4,200 Ib. (1,920 kg.). Under 
maximum conditions the tension is approximately 7,000 
Ib. (3,200 kg.) in both cases. 

Between Valley Springs and Newark Substation, 82 
mi. (132 km.) where conductivity as well as low corona 
loss was of primary importance, hollow-core copper 
conductor was chosen. This conductor is 500,000 cir. 
mils, 1 in. (2.54 cm.) outside diameter and has two layers 
of 0.097 in. (2.46 mm.) diameter wires laid over a 
twisted copper I beam. The splices are screw joints and 
consist of threaded lugs drawn on the ends of the con- 
ductor in the factory and connected in the field by 
means of a sleeve nut. The entire joint is similar to a 
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pipe union and, on account of right and left hand 
threads, is completed in the field without the necessity 
of twisting the conductor on either side. Where neces- 
sary to make an emergency splice in the field, either 
during construction or in case of failure during opera- 
tion, a single piece sleeve is provided, to be drawn on 
with a portable draw-bench kept on hand for that 
purpose (Fig. 9). This drawing on process is done in 
the field the same as in the factory and differs only in 
respect to the portability of the machine used. The 
stringing tension at 60 deg. fahr. (15 deg. cent.) is 6,100 
Ib. (2,800 kg.) and for maximum conditions is about 
7,200 Ib. (8,300 kg.) 


HARDWARE 


The suspension clamps and dead-end clamps were 
made up specially and correspond very closely to the 
standard J and U bolt clamps used on many of the 
transmission lines. Particular attention was paid to the 
fitting of the clamp around the conductor so that the 
conductor would be in contact for not less than 0 per 
cent of its circumference. The standard suspension 
clamps are of the J-bolt type and are used at all sus- 
pension points except special railroad and important 
crossings. At these points the same type of clamp 
is used with U-bolt so that in case of failure the wire will 
not slip. U-bolt clamps were used at all dead-end 
points, thus eliminating any cutting of the wire. 


INSULATION 


The insulation is divided into three sections: stand- 
ard, light fog, and heavy fog. All insulators are ball 
socket type. In the first section from Tiger Creek to a 
point near Tracy, a distance of 79 mi. (127 km.) there 
are 13 standard strength 10-in. (25.4 em.) suspension 
type insulator units with 5.5-in. (14 em.) spacing in the 
suspension strings and 18 high-strength 11-in. (28 em.) 
units with 7-in. (17.78 em.) spacing in the dead-end 
strings, on both circuits. 


8—Typrs or TRANSPOSITION STRUCTURES AND MerrxHop 
or TRANSPOSING WirES ON 220-Ky. Twin Circurr Townrs 


Fig. 


The second section, in the light fog area from Tracy to 
Livermore, 11 mi. (17.7 km.), has 17 standard units as 
above in the suspension strings on the No. 2 circuit and 
17 high-strength units as above in all dead-end strings 
on both circuits. The No. 1 circuit for the first half of 
the distance has 12 units of fog type insulators 10 in. in 
diameter with 614-in. (15.87 cm.) spacing and having a 
314-in. (8.25 cm.) shell droop. This insulator is smooth 
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outside and has one petticoat on the inside. The last 


half of this light fog section has 11 units of fog type in- 
sulators 10 in. (25.4 em.) in diameter and 74%-in. (19 
em.) spacing with three petticoats on the outside and 
smooth on the inside. 

The heavy fog section from Livermore to Newark, a 
distance of 18 mi. (29 km.) has 20 standard units in 
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suspension on the No. 2 circuit and 20 high-strength 
units in dead-end on both circuits. The No. 1 circuit 
for the first half of this distance has 18 of the 71%-in. 
(19 cm.) spaced fog units in suspension and for the last 
half of the distance has 14 of the 614-in. (15.87 cm.) 
spaced fog units in suspension. 
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In all of the fog area, standard insulator units are 
used on one circuit and fog type units of two different 
designs are used on the other circuit, the length of 
strings of each type being in proportion to the recom- 
mended insulating value. From an experimental stand- 
point this should give some very useful information as 
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to the relative values of the standard and fog type units 
under operating conditions. 

A corona shield is installed on the line end of all 
insulator strings on the 220 kv. This shield is a round 
sheet of pressed steel curved down at the edge to protect 
the line hardware and connections from excessive corona 
losses. 


Fig. 
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BELLOTA-SAN JOAQUIN TIE 


Bellota substation is the switching station installed at 
the point where the Mokelumne line crosses the Feather 
River line. This point is approximately 42 mi. (67.5 
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km.) from Tiger Creek. From Bellota substation one 
circuit extends on the existing tower line to the San 
Joaquin Light and Power Corporation substation near 
Fresno, approximately 100 mi. (161 km.). The conduc- 
tor is bellow-core copper the same as on the Mokelumne 
circuits. The insulation is 14 standard units in suspen- 
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sion and 14 high-strength units in dead-end of the same 
types and spacing as on the Mokelumne circuits. All 
of the switching of the Bellota substation will be handled 
by remote control from Stockton, a distance of about 
20 mi. (82.2 km.). 


NEWARK SUBSTATION 


Newark, the terminal station of the 220-kv. trans- 
mission line just described, has long been the dis- 
tributing point of power from the Mokelumne River. 


12—220-Ky. Orn Circurr BREAKER AND DISCONNECTING 
SwitTcH STRUCTURE—NEWARK SUBSTATION 


Fie. 


It has been pointed out in the companion paper on the 
‘Mokelumne River Development* that the first delivery 
of power from the Mokelumne River was made in the 
year 1902 and that it was transmitted at 60 kv. The 
most distant’ delivery point was Martin Station in San 
Francisco, but among the more important intermediate 
switching stations was that located at Mission San 
Jose, some 15 mi. (24.14 km.) north of the City of San 
Jose. Some of the original equipment installed at this 
substation was in use up to 1919, when it was found 
that more modern facilities must be provided, and as 
space requirements could not be satisfied at this loca- 
tion it was decided to abandon Mission San Jose sub- 
station and build a new station about four miles 
further south and near the town of Newark. 

The facilities at Newark substation in 1919 provided 
for the continued reception of Mokelumne River power 
at 60 kv. but as this source of supply was somewhat 
diminished due to the growth of load between Electra 


power house and the San Francisco Bay region it was | 


necessary to deliver power to Newark substation at 100 
kv. from the Spaulding-Drum hydroelectric develop- 
ment. In 1930 growth of load in the territory supplied 
from Newark substation required still larger amounts 
of power and delivery of same is now being made at 


*Loe. cit. 
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220 kv. from the Mokelumne River Development, thus 
marking the use of a still higher voltage and the han- 
dling of larger amounts of power at this important load 
center. 

In order that an economical and yet flexible switching 
arrangement might be provided for handling the 220-kv. 
circuits it was decided to use a double bus with bus 
selector air switches and a single oil circuit breaker for 
each transmission line and transformer bank. With 
this arrangement a circuit can be connected to both 
buses or to either bus as switching requirements may 
dictate. This bus structure provides switching facilities 
for the operation of two transmission lines, three trans- 
former banks, bus paralleling oil circuit breaker and 
carrier-current telephone coupling equipment. 

As shown in Fig. 11, the buses and selector switches 
are placed well above ground and are supported on a 
galvanized steel structure. The general dimensions 
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Fie. 13—GrNERAL ARRANGEMENT OF NEWARK SUBSTATION 
of the structure are: length, 354 ft. (107.9 m.), width, 
116 ft. (85.35 m.), height of center dead-end frame, 
64 ft. (19.5m.). The bus conductor consists of 650,000- 
cir. mils hard-drawn bare copper cable, concentric lay 
with 61 strands. The six conductors comprising the 
double bus are in tension and dead-ended on each end 
of the bus structure and supported on the cross frames 
with pillar type insulators at each bay. 

The selector switches are rated at 400 amperes and 
are of the vertical break type. Each single-pole assem- 
bly consists of two single-pole air switches mounted 
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on a common structural steel base, five insulator posts 
per pole being considered as most suitable. The three 
poles of each selector switch are actuated by a single 
manually-operated control handle located at the 
bottom of the supporting column adjacent to the 
selector switch assembly. 

Connections from the bus structure to the oil circuit 
breakers are made. at an elevation of 64 ft. (19.5 m.) 
and the center lines of the oil circuit breakers are lo- 
eated 98 ft. (29.87 m.) from the center of the bus 
structure. The two incoming 220-kv. lines and the bus 
tie breaker are on one side of the bus and the three 
transformer banks are on the opposite side. 

The arrangement of a 220-kv. oil circuit breaker 
complete with by-pass and disconnecting switches and 
supporting structures is shown in Fig. 12. The arrange- 
ment is similar to that employed at other 220-kv. 
stations of the Pacific Gas and Electric Company, with 
exception of the use of a vertical break by-pass switch 
instead of the type P, or so-called “roller-skate’’ 
switch, which has been previously used. Inverted 
type P switches are used as disconnecting switches. 
On the switch towers which control the 220-kv. lines 
grounding switches are installed and mounted on the 
bases of the by-pass switches. Grounding is effected 
by closing the ground switch into a contact on the 
center post of the by-pass switch. Suitable interlocks 
are provided between the by-pass and disconnecting 
switches. All switches are actuated by means of 
rotary shafts and are hand operated. A galvanized 
structural steel tower is used to support the above 
switch and is 60 ft. (18.8 m.) high, 64 ft. (19.5 m.) 
long and 17 ft. (5.5 m.) wide. Within the tower en- 
closure a 6-break type, 600-ampere, 220-kv. oil circuit 
breaker is mounted with the poles of the breaker on 
14 ft., 3in. (4.8 m.) centers. 

As mentioned above, provision has been made for 
three transformer banks and one spare transformer 
arranged for exchanging with any unit that must be 
taken out of service. These transformers are single- 
phase, auto-transformers, rated at 18,000 kva. and 
convert from 200,000 volts to 110,000 volts with a 
tertiary winding of 11,500 volts. Partial cooling is 
accomplished with radiators and additional cooling 
is obtained by means of hood type radiator air blast 
equipment. The units weigh approximately 200,000 
Ib. (90,720 kg.) each. The transformer output at 
110 kv. is delivered to the 110-kv. bus and use is made 
of the 11-kv. winding for the operation of synchronous 
condensers. To facilitate the handling of transformers 
both for the initial installation and any subsequent 
maintenance work a permanent handling house has 
been constructed. This building is equipped with a 
traveling crane and all necessary tackle for untanking. 

The 110-kv. bus is of the double-bus, single-breaker 
type and the switching arrangement is the same as 
that used on the 220-kv. bus. The buses and selector 
switches are mounted on a rigid steel framework with 
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all live parts well isolated by elevation. The bus con- 
ductors consist of 2 in. (5.08 cm.) outside diameter, 
14 gage (2.108 mm.) copper tubing and the bus and 
selector insulators are pillars made of two 20-in. 
(50.8 cm.) high, 4-part units per post. This bus is 
divided into two. sections and provision is made for 
controlling 12 circuits in each section. 


Due to the large concentration of power at Newark, 
particularly with the advent of power from the Mo- 
kelumne project, it was considered advisable to install 
current limiting reactors in one bus between the bus 
sections. Attention is called to the fact that this sub- 
station is essentially two stations, the dividing line 
being the reactor bank between the 110-kv. bus sections. 
One part is comprised of the older equipment consisting 
of several 110-kv. circuits, 60-kv. circuits, transformer 
banks and synchronous condensers, the second part 
consists of the new 220-kv. circuits, together with the 
associated 220/110-kv. transformers, 110-kv. circuits 


Fic. -14—Rerar Evevation 220/110/11-Kv. 
Bank NEWARK SUBSTATION 


TRANSFORMER 


and synchronous condensers. The three current- 
limiting reactors mentioned above are rated as follows: 
5,400-kva., single-phase, 60 cycles, outdoor-type, 
110,000 volts, reactance 60 ohms, 300 amperes con- 
tinuous capacity with an overload capacity of 1,060 
amperes for 3 sec. Externally operated tap changers 
are provided. These are the largest oil-filled reactors 
ever built, the approximate weight of each is about 
85,000 Ib. (38,500 kg.). 

Consistent with the dual station principle, it was 
necessary to make the switchboard in two sections, each 
section arranged to control its respective group of equip- 
ment. Due to the large number of circuits involved 
it was found necessary to use a benchboard and two 
vertical boards, one for the indicating instruments and 
the second for relays. In order to reduce the over-all 
length of the switchboard, two circuits per panel were 
found necessary, one circuit being above the other, this 
arrangement forcing the use of 100-in. (254 cm.) high 
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panels in place of the conventional 90-in. (228.6 cm.) 
panels. The entire switchboard is constructed of 1<-in. 
(3.17 mm.) stretcher-leveled steel. 

The synchronous condenser equipment for the new 
station consists of two machines each rated as follows: 
25,000 kva., 720 r. p. m., 11,500 volts, three-phase, 60- 
cycle. These machines are of the totally enclosed ven- 
tilated type equipped with surface air coolers. Pedestal 
bearings are provided with passage for cooling water in 
the bearing shells. Fire extinguisher manifolds are in- 
stalled at the ends of the stator frame around the air- 
gap. Water at 25 lb. per sq. in. (1.76 kg/sq. em.) will 
be used for fire fighting. Each condenser is provided 
with a main and sub-exciter and one machine is built 
with a 1,500-hp. synchronous driving motor. This 
latter device is required for line and relay testing. This 
feature is particularly applicable to this station where 
three main transformer banks are to be used, for with 
this grouping a bank can be released for build-up tests 
without great impairment of capacity. 

The switching equipment used in connection with the 
operation of the condensers is of the metal enclosed type 
using truck type oil circuit breakers and motor-operated 
disconnecting switches. This equipment is housed in a 
small building adjacent to the 220-kv. transformers and 
underground lead-covered cable connections are made 
between the switching equipment and the condensers. 

In unifying the existing and new control equipment 
in a new switchboard room considerable planning was 
necessary in order to arrange conduits in such a way that 
the transfer of control circuits could be made from the 
old station to the new and service maintained at all 
times. This was facilitated to a large extent by the use 
of a control circuit terminal room located directly 
beneath the switchboard room. All switchboard wires 
and control circuits are brought to terminal blocks and 
all cut-over work and testing procedure was readily 
executed. 

Carrier current telephone equipment has been in- 
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stalled which will provide for communication over the 
220-kv. lines to Tiger Creek power house and also by 
means of the 110-kv. circuits to Oakland, where a wire 
line extension is made to the Load Dispatcher’s office. 
The coupling condensers on the 110-ky. and 220-kv. 
buses are so connected that the dispatcher may com- 
municate directly with Tiger Creek power house without 
assistance from the Newark operator. 

As pointed out above, Newark substation as it is now 
constituted is the result of many additions. Other 
stations previously chosen as transmission line centers 
and designed with the idea of future expansion have 
each in turn failed to develop their expected importance 
due to the shifting of load centers or to changes in trans- 
mission voltage. This station, however, not originally 
considered as likely to be greatly expanded, has grown 
step by step into the largest and most important trans- 
mission center on the system and it is worthy of com- 
ment that in spite of the many additions and the chang- 
ing importance of its position, the flexibility of the unit 
structures used has allowed it to develop into a rational 
arrangement. Except for the old switchboard just re- 
placed, every structure, whether installed in 1919 or in 
1931 is functioning in its logical location as part of a 
modern substation. 

In view of the fact that it is impossible to make ac- 
curate predictions as to the location of future load 
growth and the routing of transmission circuits to sup- 
ply this load, it becomes necessary to design and con- 
struct major transmission substations in such a manner 
that they can be readily extended in any direction 
without the necessity of moving existing equipment or 
giving the appearance of a patched up job. Satisfac- 
tory operation requires a simple and easily followed 
arrangement of equipment. Proper thought given to 
the design of the original installation will permit the 
achievement of these aims even though the station 
grows far in excess of any preconceived ideas as to its 
probable future importance. 


The Mokelumne River Development 


of the Pacific Gas and Electric Company 
BY E. A. CRELLIN* 


Fellow 


Synopsis.—Studies of topography and run-off have made pos- 
sible a comprehensive development of the power resources on the 
Mokelumne River in California. Originally developed in 1902 to 
yield 100 million kw-hr. annually, additional storage and increased 
generating facilities will produce a ten-fold increase in annual 
output. Two major storage reservoirs and four power houses, 
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one of which replaces the original plant completed in 1902, are 
included in the program. 

The entire project is expected to be completed by the summer of 
1935 at which time the total fall of more than 5,000 feet available in 
the Mokelumne River drainage area will have been put to the most 
economical usage. 


ACH growing power system must from time to time 
E- add new generating capacity to care for increasing 
load demands. A new steam plant is added here, 
or a new hydro plant there, as will best meet the physi- 
cal and economic requirements of the system. | Usually 
these new plants feed into existing facilities which are 
reinforced to carry the additional burden. Not often 
does such an addition of generating equipment involve 
all of the features of a complete power system from the 
study of water storage and usage through generation 
and transmission to the step-down substation. It is 
this aspect of the Mokelumne River Development of 
the Pacific Gas and Electric Company which makes it 
of more than passing interest. This paper will treat 
of the hydroelectric features of the project while a 
companion paper will cover the transmission and sub- 
station design. 

The Mokelumne River is one of the pioneer power 
streams of California. It has its source in Alpine 
County approximately twenty miles south of Lake 
Tahoe at an elevation of 9,700 ft. (2,950 m.) above sea 
level and flows in a general southwesterly direction 
for some 120 mi. (190 km.) where its waters join the 
San Joaquin River on their way to the Pacific Ocean 
through San Francisco Bay. The junction of the 
Mokelumne and San Joaquiri Rivers is only a few feet 
above sea level and the lower 60° mi. (95 km.) of the 
river is quite flat lying at an elevation of less than 200 
ft. (60 m.) above sea level. 

The discovery of gold and its accompanying need 
for water for mining operations brought about the first 
developments on the Mokelumne River. In the fall 
of 1857 a company was formed which built canals and 
diversion works to deliver water to the miners. This 
company and its successors continued in the water 
business until the properties were acquired by the 
Standard Electric Company of California in the late 
nineties for the purpose of generating power for trans- 
mission to San Francisco, 110 miles (177 km.) away. 


*Asst. Engineer, Div. of Hydroelec. and Trans. Engg., Pacific 
Gas and Electric Co., San Franciseo, Calif. 
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Electra power house and its associated 60-kv. trans- 
mission line were placed in service May 6th, 1902, one 
of the pioneer hydroelectric and high-voltage trans- 
mission projects of the world. The original installa- 
tion of five 2,000-kw. units was increased by the 
addition of two 5,000-kw. generators in 1907 and the 
plant has been in continuous operation since it was 
first placed in service. 


Water storage facilities on the upper reaches of the 
Mokelumne totaled approximately 25,000 acre-ft. 
(81,000,000 cu. m.) divided among several small 
reservoirs located at relatively high altitudes. This 
water, released as needed to augment the natural 
flow of the river, was diverted in the vicinity of the 
junction of Tiger Creek and the Mokelumne River 
into two canals each approximately 20 miles (82 km.) 
in length and with a combined capacity of some 200 
cu. ft. per sec. (5.66 cu. m.) for delivery into the fore- 
bays above Electra power house. The: annual output 
of power from the system was approximately 100 
million kw-hr. The foregoing introductory remarks 
are intended to disclose the conditions existing at the 
time studies for the development of additional power 
on the Mokelumne River were begun. 

That portion of the Mokelumne River which lies 
upstream from a point near its junction with Tiger 
Creek was relatively inaccessible and only occasionally 
visited by sportsmen who were obliged to carry their 
equipment on pack animals. As a result of this condi- 
tion, actual water record data for the upper portion of 
the water shed of the river were not available. From 
1906 to the present time, complete records of stream 
flow have been kept of readings taken at gaging stations 
located near the diversion into the conduit supplying 
water to Electra power house and beginning with the 
early spring of 1924 additional gaging stations were 
installed at strategic locations on the upper river and 
certain tributary streams. 


The information obtained from these later stations 
was studied in connection with the long time record of 
the original stations and the run-off and storage possi- 
bilities analyzed for twenty-four consecutive seasons. 
Run-off characteristics for the upper and lower portions 
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of the river vary during the different months of the year. 
During the winter and early spring the precipitation 
on most of the upper basin is in the form of snow, 
while that on the lower portion of the development is 
rain. This means that two groups of run-off curves 
must be studied, those developed from run-off due to 
melting snow in the late spring and early summer 
months, and those derived from the autumn and winter 
rains. This study of precipitation and run-off has 
involved a vast amount of detail work and the results 
derived have withstood the test of actual observations 
during the past two seasons when it was possible to 
compare the stream flow readings of the upper river 
and its tributaries as sent in by the gage readers in the 
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plan which would permit the use of storage facilities 
and physical features to good advantage in meeting 
the demand for energy. Calculations of energy output 
were then made covering the conditions of average 
rainfall and of the maximum and minimum twelve 
consecutive months of rainfall for the twenty-four 
seasons for which records were available. It was found 
that the average year would yield approximately 913 
million kw-hr., with 1,038 million for a year of full 
supply and 489 million kw-hr. for the dry year period. 

Consideration was given to the necessity of having 
peak output sufficient to meet system load conditions 
at all times, it being assumed that on dry years peaks 
would be met by hydro power with steam power carry- 
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field with the predicted results as obtained from the 
formulas derived from the studies of the lower river 
records. This check on calculated data has inspired 
considerable confidence in the accuracy of the assump- 
tions made as to the run-off from the several component 
parts of the drainage area. 

From the water supply studies and accurate topo- 
graphic maps it was possible to determine the most 
advantageous storage sites and to plan a comprehen- 
sive development for the most economical utilization 
of the water. A tabulation was prepared to show 
the probable use of storage water in maintaining a more 
or less uniformly regulated flow at the forebays of the 
various plants. Certain assumptions were made re- 
garding the method of operation based on a workable 


ing the base load. Economic studies showed that the 
Mokelumne River development required back up steam 
capacity to the order of about 35 per cent of the peak, 
the hydro capacity representing 65 per cent of the peak. 
Likewise consideration was given to having a maximum 
release of stored water during the summer months, 
in order to give the most benefit to irrigation interests 
on the lower reaches of the river, which was consistent 
with maintaining peak demand throughout the late fall 
and winter. When the project is entirely completed it 
will involve a total storage of some 200,000 acre-ft. 
(247,000,000 cu. m.) of water and the generation of a 
billion kw-hr. annually, a ten-fold increase over the 
original Electra development. 

Two major storage reservoirs, one known as Salt 
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Springs reservoir, and located on the Mokelumne River; 
the other known as Lower Bear River reservoir, and 
located on one of the principal tributaries of the upper 
Mokelumne are being created to impound the run-off 
waters from their respective drainage areas. The 
regulation of flow in the Mokelumne River made possible 
by these two storage reservoirs, together with the 
smaller reservoirs already in service is the principal 
factor contributing to the increased power output. 
The spillway elevation at Salt Springs dam is 3,947 ft. 
(1,203.04 m.) above sea level; that of the Bear River 
dam 5,816 ft. (1,772.72 m.). The center line elevation 
of the nozzles of the waterwheel units to be installed 
at Electra power house, which is the down stream end 
of the power development on the river, is 685 ft. (208.79 
m.), thus giving a gross head of 3,262 ft. (994.25 m.) 
and 5,181 ft. (1,563.93 m.) respectively from the two 
main sources of storage. 

The head available for the generation of power will 
be divided up into four sections and four power houses 
will be constructed. The several elements in the 
development will be briefly described, beginning with 
the upstream end of the system. 


SALT SPRINGS DAM 


The Salt Springs dam site is located in the gorge of 
the Mokelumne River about a mile above the two 
natural landmarks, Calaveras Bald Rock on the south 
side of the gorge and Amador Bald Rock on the north 
side. These granite domes rise more than 3,000 ft. 
(900 m.) above the stream bed. The dam was started 
in 1929 and is the highest rock fill dam in the world. 


Several considerations influenced the choice of a rock 
fill dam for this location. It is believed to be one of the 
safest kinds of dam that can be built and the rock fill 
type of dam has been very successful in California. 
The canyon is of solid granite, thus making available 
at the site ample material for its construction. Due to 
the inaccessible nature of the country in which the 
dam is located it was necessary to construct approxi- 
mately 50 miles of roadway suitable for heavy truck- 
ing and to haul all materials 50 mi. (80 km.) by motor 
transport. The high cost of concrete materials at such 
a site made the estimated cost of a rock fill dam approxi- 
mately two million dollars less than for a suitable 
concrete dam. Modern and large scale construction 
equipment was used on the job with electrically- 
operated shovels and storage battery operated loco- 
motives hauling rock cars. 

Rock for the dam was obtained from quarries at 
different levels near the north abutment of the dam and 
from the spillway excavation on the south bank. 
Quarrying methods followed, in general, usual prac- 
tise and featured the breaking down of large volumes 
of rock with large charges of dynamite. Several “big 
shots” were made each of which required in excess 
of 50 tons (45,000 kg.) of powder and brought down 
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approximately 200,000 cu. yd. (150,000 cu.m.) of 
granite. 

The dam rises 328 ft. (100 m.) in height above the 
stream bed with a crest length of 1,300 ft. (896 m.). 
It is 900 ft. (274 m.) through at the base and contains 
approximately 3,000,000 cu. yd. (2,300,000 cu. m.) of 
material, of which approximately 225,000 cu. yd. 
(172,000 cu. m.) are in the derrick placed rock section 
having a uniform thickness of 15 ft. (4.57 m.) over the 
entire area of the upstream face of the dam. This 
placed rock forms a foundation for the outer facing of 
reinforced concrete which covers the entire upstream 
slope, varying in thickness from 36 in. (91.44 em.) at 
the bottom to 12 in. (30.48 em.) at the top. Concrete 
was placed in continuously poured panels of heavily 
reinforced concrete 60 ft. (18.3 m.) square. These 
panels are completely separated with expansion or 
contraction joints which are provided with copper 
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water seals. The horizontal joints were poured con- 
crete to concrete except for a coating of asphaltic 
material. The vertical joints were provided with a 1-in. 
(2.54 em.) spacing which was filled with asphaltic 
compounds to permit lateral movement. 

Due to the probable settlement of rock fill in a struc- 
ture of this kind, the crest of the dam was crowned, 
the maximum crown being six to seven ft. (1.83 to 
2.13 m.) above the theoretical crest line. In order to 
take care of the downstream settlement due to water 
pressure from the reservoir, the upstream face was 
designed and constructed with an upstream convexity 
in plan. For similar reasons and to prevent possible 
buckling of the concrete face, the face was concave to 
the water surface in vertical section. The reinforcing 
steel does not extend through the joints. These pro- 
visions were made in order to provide as flexible a 
facing as possible. The facing contains about 30,000 
cu. yd. (23,000 cu. m.) of concrete and has an area of 
about 9.2 acres (37,200 sq. m.). It is anchored to con- 
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crete cut-off walls extending vertically from 5 to 25 ft. 
(1.5 to 7.5 m.) into solid granite. Grout holes extend 
some 50 ft. (15 m.) below the bottom of the cut-off wall. 

Salt Springs reservoir has a capacity of 180,000 
acre-ft. (160,000,000 cu. m.) is 4 mi. (6.4 km.) long and 
has a maximum width of three-quarters of a mile 
(1.2 km.). The flooded area is 925 acres (375 ha.). A 
spillway with a crest length of 625 ft. (190 m.) is chan- 
neled in the south side of the gorge adjacent to the 
dam. It has a capacity of 48,000 cu. ft. per sec. (1,360 
cu. m/sec.) or 300 cu. ft. per sec. per sq. mi. of drain- 
age area (89 cu. m/sec. per sq. km.). The freeboard 
under this condition is 8 ft. (2.44 m.). 

The outlet works are at the north end of.the dam and 
consist of two 10-ft. (8.05 m.) diameter steel pipes 
inserted into the downstream end of a 19-ft. (5.79 m.) 
diameter concrete-lined tunnel built originally as a 
diversion tunnel to facilitate construction of the dam. 
Each pipe is provided with a 10-ft. 9-in. (3.28 m.) 
diameter hydraulic-operated butterfly valve and is 
then extended on into the river channel where it ends 
in a 78-in. (1.98 m.) diameter butterfly valve designed 
for free discharge. These valves are provided to permit 
unwatering the reservoir at the rate of approximately 
10,000 acre-ft. (12,300,000 cu. m.) per day in case of 


emergency, and are designed for a maximum head of 


275 ft. (83.8 m.) making them the highest head free 
discharge butterfly valves yet installed. 


7. Governor oil pump 

8. Governor oil pump 

. 440-volt bus structure 

10. Bench board 

11. Air compressor 

12. Machine shop 

13. Single-phase transformers 
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A branch from one of these pipes forms the 8-ft. 
(2.488 m.) diameter penstock supplying water to the 
generating unit installed in Salt Springs power house 
located a few hundred feet downstream from the dam. 
A branch from the other pipe ends in a 54-in. (1.37 m.) 
needle valve in which is incorporated an energy absorber 
of the ‘‘through baffle” type which discharges into the 
power house tailrace. This bypass line is necessary in 
order to supply water into the Tiger Creek conduit, 
which heads in the tailrace, when the Salt Springs 
unit is shut down or when it is operating under reduced 
head. 


BEAR RIVER WATER SUPPLY 


Bear River is one of the principal tributaries of the 
Mokelumne River. The drainage basin is high in ele- 
vation and the descent of the stream is rapid, the fall 
in the last 6 mi. (9.66 km.) above the junction with the 
Mokelumne being more than 2,500 ft. (762 m.). It is 
planned to construct a dam about 200 ft. (61 _m.) in 
height in Bear River some 2.5 mi. (4 km.) below the 
existing dam which forms Upper Bear River reservoir. 
The new reservoir will have a capacity of 34,000 acre- 
ft. (42,000,000 cu. m.). A tunnel approximately 2.5 mi. 
(4 km.) in length will terminate in a penstock which 
leads to Salt Springs power house. The junction of the 
penstock and tunnel is formed in a surge chamber which 
will be excavated in the rock. The elevation of the top 
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of this surge chamber is above high water in Lower Bear 
River reservoir. Water from Cold Creek, astream adja- 
cent to and similar in character to Bear River but lacking 
storage sites, will be diverted into this surge chamber. 
By means of this arrangement the area above the di- 
version point on Cold Creek is made tributary to the 
reservoir on Bear River. No storage is provided on 
Cold Creek. Water diverted from Cold Creek is partly 
used through the power house and partly backed up 
through the pressure tunnel for storage in Bear River 
reservoir. Any spill from these sources may be stored 
in Salt Springs reservoir. The arrangement is ideal 
from the standpoint of ease in using the run-off from the 
different sources and insures complete conservation of 
all water resources to maximum usage. 


SALT SPRINGS POWER HOUSE 


Salt Springs power house will be a rather unique 
plant in that its two generating units will be radically 
different in design. Two sources of water are avail- 
able to this plant, one being the water released from 
storage in Salt Springs dam under a static head of 
244.5 ft. (74.52 m.); the other the water released from 
storage in Lower Bear River reservoir, which will be 
under a static head of 2,089 ft. (636.73 m.)._ In the first 
case the head and water quantities are such as to 
require the installation of a Francis type turbine, while 
the latter can only be utilized through an impulse wheel. 
Many problems in plant design were occasioned by the 
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1. 11-ky. oil circuit breakers 


different characteristics of these two prime movers. 
In keeping with the policy of the company, it was 
desired to secure a plant arrangement which would 
afford the greatest operating convenience in order to 
keep the personnel for plant operation at the minimum 
possible number of men.* in general a vertical turbine 
with its draft tube setting requires a power house floor 
level considerably higher above tail water elevation 
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than is desirable with an impulse wheel installation, 
and in order to maintain the power house floor on a 
single level, it was necessary to study the design and 
setting of the turbine with a view to keeping the power 
house floor as low as possible. The cooperation of the 
turbine builder was sought in the final designs and the 
unit was so constructed that it was possible to arrange 
its setting at an elevation which would also accommo- 
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date the impulse wheel. The high head unit will be 
installed at a future date following the completion of 
the dam and tunnel on Bear River but it was necessary 
to make considerable progress in the preliminary design 
of the impulse wheel unit in order to determine with 
some degree of accuracy what its probable dimen- 
sions would be. This also required cooperation with 
the waterwheel builders and preliminary designs were 
all based on the desire to secure a plant which would 
make for convenience in operation. 

The Francis type turbine for utilizing the water 
released from Salt Springs dam is a vertical shaft unit 
designed to pass 550 cu. ft. per sec. (15.7 cu. m/s.) at 
heads as low as 175 ft. (58.34 m:) in order to accommo- 
date the lowered level of water behind the dam as 
storage is withdrawn. In effect, this requires a turbine 
which must be operated at part gate under maximum 
head conditions with gate openings increasing as the 
head falls in order to maintain full load on the generator. 
At heads below 175 ft., it will be necessary to bypass 
water around the turbine into the tailrace in order to 
maintain the conduit flow at its full capacity. The 
turbine is rated at 18,500 hp., 8300 r. p.m. It drivesa 
vertical shaft waterwheel generator rated at 11,000 
kva., 11,000 volts, 60 cycle, 85 per cent power factor. 
The generator is mounted on a concrete pedestal above 
the turbine and is totally enclosed with surface air 
coolers arranged at four points around the circum- 
ference of the generator. Contrasted to this will be 
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the horizontal shaft unit installed to utilize the water 
from Bear River reservoir. This waterwheel will be a 
single overhung impulse unit capable of developing 
approximately 35,000 hp. at 300 r.p.m. The probable 
generator rating will be 30,000 kva., 11,000 volts, 60 
cycles, 85 per cent power factor. 

Both units will disharge into the same tailrace which 
forms the intake for the conduit supplying water to 
Tiger Creek power house. The discharge from a 
turbine is relatively still and offers no problems in 
connection with feeding into such a conduit. On the 
other hand, the discharge from an impulse wheel upon 
the rejection of load must be carefully handled if it 
is to be confined into the narrow limits of such a tail- 
race and designs have accordingly been laid out for the 
incorporation in the power house foundations of an 
energy absorbing device of the ‘‘through baffle’ type. 
In this device the jet of water which has been deflected 
from the waterwheel runner by means of the governor 
actuated sleeve surrounding the nozzle tip impinges 
on a splitter which turns the water back on itself, thus 
destroying the energy of the jet ‘and permitting it to 
flow outward freely into the tailrace. Such devices 
have been used in previous high-head installations on 
the Pacific Coast and have proven thoroughly reliable 
and successful. 

The capacity of the Tiger Creek conduit is 550 cu. ft. 
per sec. (15.57 cu. m/s.), and it is desired to maintain 
this flow practically constant in order to supply water 
to Tiger Creek power house down stream. At full 
load the turbine unit will pass 550 cu. ft. per sec. and 
deliver power up to the 11,000-kva. rating of the 
generator. On the other hand, the impulse unit will 
pass approximately 180 cu. ft. per sec. (5.1 cu. m/s.) 
and deliver power up to the full rating of its generator 
which will be 30,000 kva. or slightly above. Thus it 
is seen that by properly adjusting the load between the 
two generating units in the plant it will be possible to 
maintainya constant flow in the conduit at plant out- 
puts which*will vary between the limits of 11,000 kva. 
or less, depending upon the height of water behind 
_ Salt Springs dam and 37,500 kva., as may best suit 
the load requirements of the system. 

The low-tension switching arrangement in the plant 
is simple. Each generator is connected to a main bus 
through a single truck type oil circuit breaker. Two 
additional truck type breakers feed power from the 
main bus into the station power transformer bank. 
The two breakers supplying the station transformers 
are arranged so as to be interchangeable with the main 
generator breakers. While this required extra large 
breakers for the service demands the added cost was 
greatly offset by the simplicity of the arrangement and 
the possibility of taking any oil circuit breaker out of 
service for inspection or repairs without any loss in 
plant output. 

From the main 11-ky. bus, leads are run direct to the 
step-up transformer bank consisting of three 12,000- 
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kva., 11-kv. to 110-kv. water-cooled transformers. 
A spare transformer is provided and arranged to permit 
of its substitution for any unit in the bank by means of 
air-break selector switches. The output from the 
step-up transformer bank is fed through a 115-ky. oil 
circuit breaker into a single-circuit steel tower trans- 
mission line for delivery to the main 220-kv. step-up 
transformer banks at Tiger Creek power house. 


TIGER CREEK CONDUIT 


Water discharged from Salt Springs power house is 
diverted from the tailrace into Tiger Creek conduit 
which has a capacity of 550 cu. ft. per sec. (15.57 cu. 
m/sec.). This conduit is 17.3 mi. (27.84 km.) in 
length and terminates in a regulating reservoir on Tiger 
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Creek. From the regulator a conduit of 625 cu. ft. 
per sec. (17.7 cu. m/sec.) capacity extends 2.6 mi. 
(4.18 km.) to a small forebay at the head of the pen- 
stock to Tiger Creek power house. The conduit is 
composed chiefly of reinforced concrete flume with a 
water section of 84 sq. ft. (7.8 sq. m.) and a water 
depth of 6 ft. (1.88 m.). The grade of the portion from 
the intake to the regulator is 0.8 ft. (24.38 cm.) per 
1,000 ft. (804.8 m.) and the grade of the portion between 
the regulator and the forebay 1.0 ft. (80.48 cm.) per 
1,000 ft. (804.8 m.). Part of the flume is elevated but 
in the main it is of the bench type. In addition to the 
flume there are two steel siphons, 93 in. (2.386 m.) in 
diameter totaling in length 0.28 mi. (870 m.), and 2.5 
mi. (4 km.) of unlined tunnel with a section 10 ft. 
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(3.05 m.) wide by 11.3 ft. (3.44 m.) high on a grade of 
3.5 ft. (1.07 m.) per 1,000 ft. (804.8 m.). 

The topography of the country in the vicinity of the 
site chosen for the construction of Tiger Creek power 
house did not offer any suitable location for a forebay 
which would have sufficient capacity for the regulation 
of flow in the conduit and the carrying of short duration 
peaks and a compromise was made by the creation of a 
pond about 2.6 mi. (4.18 km.) up stream from the fore- 
bay site. This pond is known as the Tiger Creek regu- 
lator and is formed by a buttressed slab concrete dam 
approximately 100 ft. (30.48 m.) high on Tiger Creek. 
The upper 18 ft. (5.49 m.) of the reservoir thus formed 
provides about 175 acre-ft. (216,000 cu. m.) of capacity. 
This is sufficient to permit peaking the Tiger Creek 
plant for 20 hours each day when full diversion is being 
made at the head of the Tiger Creek conduit. , 

The conduit from the regulator to the forebay 
has a capacity approximately 25 per cent in excess 
of the conduit from Salt Springs and will deliver 625 
cu. ft. per sec. (17.7 cu. m/s.) into the Tiger Creek 
forebay. This forebay is entirely an artificial pond 
and was created by excavating the top of a knoll on 
the ridge above Tiger Creek power house. About 
200,000 cu. yd. (153,000 cu. m.) of material was moved 
to provide a forebay of 40 acre-ft. (49,500 cu. m.) 
capacity. About thirty minutes are required for 
water released at the regulator to reach the forebay and 
the available capacity in the forebay is sufficient to 
provide peaking during this interval. 

Automatic gates are provided at the outlet of the 
regulator to maintain a constant flow in the conduit. 
These gates operate from a float control mechanism 
which will maintain a constant level of water in the 
conduit regardless of the height of water behind the 
gates discharging into the canal. The controls have 
been carried to the switchboard room in Tiger Creek 
power house and the operator may adjust the floats at 
the regulator to maintain any desired level of water and 
consequently any rate of flow between the regulator and 
forebay. The design of this automatic gate control 
equipment was perfected several years ago in connec- 
tion with the control of water discharged from the 
afterbay at Pit River power house No. 3 where it was 
necessary to maintain the flow in Pit River below the 
power house at an amount equal to the natural flow 
in the river at that season of the year and at the same 
time permit peaking of the plant. No difficulty what- 
ever has been experienced in the operation of this 
equipment and it has performed in every respect 
exactly as planned. Therefore, much confidence is 
placed in the ability of the operator at Tiger Creek 
power house to maintain complete and accurate control 
of the water being fed from the regulator into Tiger 
Creek forebay. 


TIGER CREEK POWER HOUSE 
From the forebay above Tiger Creek power house, 
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water enters the penstock which consists of a single steel 
pipe 4,750 ft. (1,448 m.) in length varying in diameter 
from 102 in. (2.59 m.) at the top to 72 in. (1.83 m.) at 
the wye outside the power house. About 4,000 ft. 
(1,220 m.) of the upper portion of the pipe is of riveted 
steel with rivets countersunk on the inside of the pipe. 
The lower portion is of seamless pipe. At the wye the 
pipe branches into two. 52-in. (132.08 cm.) diameter 
lines and again into four 36-in. (91.44 cm.) diameter 
lines, a separate line leading to each of the four impulse 
wheels of the two double overhung units in the power 
house. : 

Tiger Creek power house is the controlling station 
for the 220-kv. transmission lines constructed to receive 
the power generated by the waters of the Mokelumne 


Fig. 5—GENERAL VIEW oF TigER CreeK Powrr Hovusr AND 


Moxetumne River 


River and transmit it to the load centers at Newark 
and Herndon. To charge the 109 mi. (175 km.) of 
220-kv. line between Tiger Creek and Newark requires 
approximately 25,000 kva., which made it desirable 
that the minimum capacity for each generator be not 
less than this amount in order that a single unit could 
charge the transmission line. Experience has indi- 
cated that it is much better to be able to charge a trans- 
mission line with a single unit than to attempt this 
function with two units in parallel. The extremely low 
excitation of the generator at times of charging an 
unloaded transmission line renders the parallel operation 
of generators unstable and makes their control exceed- 
ingly difficult. For this reason plant operation is very 
greatly facilitated if a line which is taken out of service 


Mareh 1932 


for any reason, can be charged from a single unit. Also 
it renders unnecessary the unloading of a second unit 
in order to make it available for line charging pur- 
poses. The static head and water quantities available 
at Tiger Creek indicated that this plant should have 
installed in it approximately 60,000 kva. in generator 
capacity and it was, therefore, at once evident that a 
two-unit layout was the proper one. 

Each waterwheel unit was designed to deliver 36,000 
hp. at 225 r. p. m. under a net effective head of 1,190 ft. 
(862.71 m.), each of the overhung impulse wheels being 
rated at 18,000 hp. The generators are rated 30,000 
kva., 11,000 volts, 60 cycles, 85 per cent power factor. 
These waterwheel units are well up towards the maxi- 
mum size practical for the head and water quantities 
available at Tiger Creek and in physical dimensions 
rank among the largest impulse wheels ever constructed. 

Many refinements have been incorporated in the 
design of the wheels. A straight flow needle nozzle has 
been designed which introduces a minimum disturbance 
in the water flow, thus giving a uniform, compact jet 
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delivering maximum power to the waterwheel buckets. 
The power needles are operated by the governor servo - 
motors and are arranged for slow closure upon load 
_ rejection as a water conservation measure in much the 
same manner that the relief valve closes on a large hy- 
draulic turbine installation. Linked with the governor 
and needle operating mechanism is a jet deflector or 
stream bender in the form of a collar surrounding the 
jet which operates to remove water from the wheel 
instantly upon load rejection. The combination of jet 
deflector and slow closing needle is ideal for an impulse 
wheel installation in that it makes it possible to divert 
the water from the wheel quickly without disturbing the 
flow in the penstock with its attendant surge. This 
permits economies in the installation through reduced 
penstock cost and the omission of a surge chamber. 
Simplicity of plant layout was the aim throughout 
the design of Tiger Creek power house. Each gener- 
ator with its associated step-up transformer bank is 
considered as a unit and there is no oil circuit breaker 
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between the generator and the low-voltage side of the 
transformer. The electrical connections are extremely 
simple. A steel bus structure containing four 11-kv. 
truck type oil circuit breakers is installed in the bus 
room. ‘Two of the oil circuit breakers serve to connect 
the generators to an 11-kv. bus for the purpose of syn- 
chronizing before closing the main 220-kv. breakers. 
When the units are in parallel on the high-voltage side 
of the transformers one of these breakers is opened 
separating the units on the generator side, the other 
remaining closed to supply power for station require- 
ments. The remaining two truck type breakers are for 
the station power transformer bank. As was the case 
at Salt Springs power house, these station power oil 
circuit breakers are made interchangeable with the 
main breakers, thus providing spare oil circuit breaker 
equipment. 

Each generator is provided with a direct-connected 
exciter and pilot exciter which are controlled by voltage 
regulators. A spare exciter set is installed between the 
main generating units and arranged to be driven either 
by an impulse waterwheel or an induction motor. 
Each waterwheel has its individual governor oil pres- 
sure system with duplicate oil pumps. One pump is 
motor-driven, the other driven by a small impulse 
wheel. For normal operation the motor-driven pump 
maintains the oil pressure, but suitable controls have 
been provided so that any failure of supply from the 
motor-driven pump will automatically start the water- 
driven pump to reestablish governor oil pressure. 

The switchboard is located in the switch and bus 
section of the power house on the level of the generator 
floor and midway between the units. All equipment 
requiring frequent attention has been installed on the 
main power house floor to facilitate operation and con- 
siderable thought has been given to the convenience of 
the location of equipment from an operating standpoint. 
Equipment which requires infrequent inspection has 
been placed on the second floor of the power house and 
the general layout of the plant has followed the idea of 
making it possible to operate with a small personnel. 
The normal shift will consist of a first and second 
operator, the first operator’s duty being at the switch- 
board, with the second operator available for oiling 
and the operation of the hand-operated high-voltage 
disconnecting switches in the outdoor switch yard. 

The step-up transformers consist of two main banks 
with one spare unit arranged for physical interchange 
in case of damage to an operating unit. These trans- 
formers are provided with combined two-winding and 
auto-transformer windings. The auto-transformer 
winding has a rating of 10,000 kva. per unit and will 
step the incoming power from Salt Springs power house 
from 107.5 to 215 kv. The tertiary winding has a 
rating of 10,000 kva. per unit, giving 30,000 kva. per 
bank, sufficient to care for one Tiger Creek generator. 
The transformer banks, therefore, will have a capacity 
of 60,000 kva. each, 30,000 kva. for one Tiger Creek 
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unit and 30,000 kva. from Salt Springs. Each bank 
is capable of carrying the normal Salt Springs output 
as well as the output from one Tiger Creek unit. 

In order to re-regulate the water discharged from 
Tiger Creek plant for diversion to the next lower plant 
an afterbay has been provided. This was formed by 
the construction of a concrete arch dam about 100 ft. 
(80.48 m.) in height in the Mokelumne River, some 2 
mi. (3.2 km.) below the plant. This dam creates a 
reservoir with a flooded area of about 100 acres (400,000 
sq. m.). The top 3 ft. (91 em.) of this pond, with a 


capacity of 300 acre-ft. (370,000 cu. m.) will be used 
to re-regulate the Tiger Creek peaks as well as some of 
the irregularities in the natural run-off tributary to the 
lower plant which are not controlled by the storage on 


the system. 


WEstT PoINT PowER HOUSE 


The last of the four power houses to be constructed on 
the Mokelumne River, but the one immediately down- 
stream from Tiger Creek will be known as West Point 
power house. The existence of the present Electra 
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power house has influenced the location and construc- 
tion of this plant and it will be necessary to make brief 
mention of the factors involved. 

At the ‘present time Electra is supplied with water 
through two conduits known as the Upper Standard 
Canal and the Lower Standard Canal. The lower 
conduit was constructed during the early mining days 
and delivers water into Lake Tabeaud which forms the 
forebay for Electra power house. At a later date the 
upper conduit was constructed, some 200 ft. (61 m.) 
higher in elevation than the lower conduit and termi- 
nating in Petty reservoir, an enlarged section of the 
conduit forming a second forebay at Electra with 
200 ft. (61 m.) extra head. The combined capacity of 
these conduits is approximately 210 cu. ft. per sec. 
(5.95 cu. m/sec.). Both have grades of 2.5 ft. (76.2 
em.) per 1,000 ft. (804.8 m.) for flumes and 1.5 ft. 
(45.7 cm.) per 1,000 ft. (804.8 m.) for ditch sections 
which are excessive for the enlarged capacity now 
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completed thus diverting water from the river into the 
new conduit and freeing the Upper Standard Canal for 
construction work. 

The diversion of water for West Point will be made 
from Tiger Creek afterbay about 3 ft. (91 cm.) from 
the top of the dam and will follow roughly the location 
of the present Upper Standard Canal for about 4 mi. 
(6.4 km.) where it will join the West Point penstock. 
No forebay facilities being available, the plant will be 
designed to operate at 100 per cent load factor. The 
static head will be about 285 ft. (86.87 m.) and the 
maximum flow 575 cu. ft. per sec. (16.28 cu. m/sec.). 
The installation will consist of a single vertical turbine 
driving a 15,000-kva., 11,000-volt generator and the 
plant will be laid out for full automatic operation with 
certain controls carried back to Tiger Creek power 
house. The generated power will be stepped up to 


60 kv. to supply the demands now served by the present 
Electra plant. 


West Point power house will be the 
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contemplated. The construction of a new conduit 
above the existing conduits has several disadvantages, 
the most important of which are the lack of a forebay 
site at the Electra end and the impossibility of keeping 
the conduits free from debris while excavating a new 
location immediately above. The plan finally adopted 
for the development of this head was to build a new 
conduit below the two existing canals beginning at 
the high water level of Tabeaud reservoir and rising 
on a grade of 0.8 ft. (24.38 em.) per 1,000 ft. (804.8 m.) 
until the grade line intersects the river gradient. This 
new conduit will be about 18.7 mi. (22 km.) long, inter- 
secting the river in the vicinity of the West Point road 
crossing and about 4 mi. (6.4 km.) below Tiger Creek 
afterbay dam. It will have a capacity of 575 cu. ft. 
per sec. (16.28 cu. m/sec.). An advantage of this 
plan is that the existing canals and power house may 
be operated without interference during the period of 
construction of the conduit. At the time construction 
is started on West Point, the new Electra will have been 


only plant on the Mokelumne System not regularly 
feeding into the 220-kv. transmission system. Provision 
will be made at Electra however to absorb this power 
into the 220-kv. system at such times as there is avail- 
able sufficient energy at 60-kv. from another source to 
make the output from West Point in excess of require- 
ments. A 60-kv. wood pole line will be constructed 
from West Point to Electra to tie in with the existing 
60-kyv. lines. 


ELECTRA POWER HOUSE 


Construction of the new Electra power house and 
conduit will follow immediately upon the completion of 
the Salt Springs-Tiger Creek development, probably 
in the fall of 1931. The static head to be developed at 
Electra is 1,265 ft. (885.57 m.) and the water flow 575 
cu. ft. per sec. (16.28 cu. m/sec.). The head and water 
quantity are so nearly the same as at Tiger Creek that 
the plant will be almost an exact duplicate. The two 
waterwheels will have a slightly greater horsepower 
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rating being designed for 37,500 hp. each at 225 r. p. m. 
but will have almost identical physical dimensions 
which will permit the construction of a duplicate power 
house. One factor is present in the Electra designs 
which was absent at Tiger Creek and that is the 
presence of an excellent forebay in Lake Tabeaud with a 
capacity of 1,158 acre-ft. (1,428,000 cu.m.). This will 
permit of considerable peaking at Electra and all designs 
are being made so that a third unit for peaking: purposes 
may be added at a later date if economies and system 
load requirements point to the desirability of its instal- 
lation. 

Power generated at Electra will be stepped up 
through two banks of transformers to 220-kv. for con- 
nection to the Tiger Creek-Newark transmission lines. 
It will also be necessary to provide for supplying power 
to the 60-kv. and 17-kv. systems now taking the output 
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Showing penstock (one for turbine and one for by-pass) tail canal and 
Tiger Creek conduit main quarry (upper right) for dam material and 
gorge of the Mokelumne River 


from the present plant. As pointed out above, this 
demand will normally be met by West Point power 
house. 

The old Electra power house will be continued in 
operation during the construction of the new power 
house and upon completion of the new plant will be 
completely demolished. There is a remarkable con- 
trast between the thirty-year old pioneer plant and its 
modern successor and brief mention of the old plant 
will be of interest. 

The power house is built of corrugated iron on a steel 
frame and houses seven generating units, five 2,000-kw. 
Stanley inductor type generators and two 5,000-kw. 
Stanley revolving field generators. Excitation is at 
70 volts and the generator voltage is 2,300, three-phase, 
60 cycles. - The five 2,000-kw. units are set quite close 
together with their shafts at an angle of 45 deg. with 
the main axis of the generator room. The 5,000-kw. 
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units are installed with their shafts parallel to the long 
axis of the room. Power is stepped up through six 
main banks of Stanley single-phase transformers, five 
banks feeding into the 60-kv. transmission system and 
the sixth bank furnishing 17-kv. power to the gold 
mines along the Mother Lode. 

The 20,000-kva. installation, which at one time was 
one of the important hydroelectric plants of the coun- 
try, is now completely obsolete and will be scrapped in 
its entirety. In its place will stand a modern steel 
frame, reinforced concrete building housing two generat- 
ing units each of which is capable of delivering one and 
one-half times as much power as the combined output 
of the seven replaced units. The transmission voltage 
has risen from the 60-kv. record of 1902 to the 220-kv. 
commonplace of thirty years later giving marked 
evidence of the rapid changes in the art. 


GENERAL 


The peak load on the system of the Pacific Gas and 
Electric Company and associated companies reached 
853,300 kw. in July, 1930. In the decade from 1920 
to 1930 the load on the system has grown at the average 
annual rate of 7.25 per cent, which has required the 
addition of some 40,000 kw. of new generating capacity 
each year to keep pace with the demand for power. 
Part of the new capacity has consisted of steam-driven 
units and part of hydro units, the ratio of the two 
types of prime movers for the entire system up to 1930 
standing at approximately two to five. 

Prior to the advent of natural gas into the fuel market 
of Central California, and the greatly increased steam 
plant economies recently secured, hydroelectric plants, 
including their relatively long transmission lines, had 
been able to deliver power to the consumer at prices 


which made the development of the hydro resources of 


the state very attractive from an economic standpoint. 
The picture has been altered somewhat and natural 
gas has now placed the cost of power from the two 
sources approximately on a par. A relatively small 
change either way in the cost of fuel may have a very 
large influence on the type of future generating equip- 
ment installed. 

The power peak growth of the system for the next 
five years will approximate 50,000 kw. annually. This 
is favorable to hydroelectric development in that it 
permits full development of a river over a short period 
of time, thus spreading the cost of water storage 
facilities over all of the plants on the stream and reduc- 
ing the fixed charges per kw. hr. generated. In order 
to produce hydroelectric power on the most economical 
basis, hydro plants in California must operate on the 
highest possible load factor. The average annual load 
factor for the system of the Pacific Gas and Electric 
Company is approximately 62 per cent and all studies 
for the plants on the Mokelumne River, with the 
exception of the 100 per cent load factor plant at West 
Point, were on the basis of 85 per cent load factor. 
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Such a condition of operation will be possible in all 
years with normal or above normal rainfall. Studies 
of run-off over a 24-year period have indicated that the 
average annual output will be 88 per cent of the maxi- 
mum possible during the wettest year recorded with a 
AT per cent output during the extreme dry year. 
Normal operation of the plants on the Mokelumne 
River will be on base load with system peaks carried 
by steam. This condition may be reversed in extreme 
dry years when the economic use of stored water 
dictates its use for the carrying of peak loads. 

The total cost of the Mokelumne River Develop- 
ment as outlined herein, including transmission and 
the increased capacity at Newark Substation, is to the 
order of $39,000,000.00. The entire design and con- 
struction of the project have been carried out by the 
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regular personnel of the Pacific Gas and Electric 
Company. 
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Synopsis.—The paper describes operating experience with tie- 
line load regulators on the tie connecting the Colfax Power Station 
of the Duquesne Light Co. and the Springdale Station of the West 
Penn Power Co. A description is given of the equipment used and 
also of supplementary equipment, such as program loading equip- 
ment installed at Colfax to maintain the most economic division of 
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and 


load between the various generating units. A new hydraulic speed 
changing device intended to reduce wear on the governor parts to a 
minimum ts also described. Tests made jointly by the Duquesne 
Light and West Penn Power Companies to determine the effect of 
operating frequency and tie-line regulators simultaneously are dis- 
cussed and the curves giving the results are shown. 


INTRODUCTION 


HE electrical industry has been successful in 
ae continually rendering a more reliable service at a 
lower cost to its customers. To do this it has 
been necessary to decrease both capital expenditures and 


operating cost per unit of system capacity and at the 


same time provide power systems less susceptible to 
service interruptions. One thing which has contributed 
in a great measure to this progress has been the con- 
necting together of power systems in such a manner as to 
make available to the several systems embracing large 
areas the economies resulting from the better use factor 
of both generating and transmission plants, the opera- 
tion of fewer of the older and less efficient equipments, 
and the diversity of peak loads. A casual survey is 
sufficient to reveal that this so-called interconnection 
is still relatively new and that the immediate years to 
come will witness a most extraordinary development 
in this phase of the industry. 


Utility officials recognizing the economies resulting 
from exchange of power from system to system are 
arranging cooperative or joint operation in a manner 
to leave no obstacles in the way of the operating man 
to the end that the greatest number of kilowatt-hours 
may be produced and delivered to the customer at 
the lowest cost and with the greatest reliability. 
A few years ago an interconnected power system em- 
bracing more than a few thousand square miles was 
the exception, whereas today for instance, the power 
systems between Boston, Chicago, and New Orleans 
may be formed, when occasion arises for exchange 
of power, into one continuous interconnected system. 


This parallel or interconnected operation of several 
power systems has brought to the fore a new and most 
important problem, namely that of controlling the 
interchange of power between the several systems. 
This problem first came into prominence under the 
name of frequency control and many engineers attacked 
it from that point of view. As a matter of fact it is 
one of load control and little has been done towards 
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its solution. The division of power in a loop under the 
control of phase shifting equipment is a related problem 
but should not be confused with the control of total 
interchange by the prime mover governors. An attempt 
to regulate two or more interconnected systems with an 
automatic frequency regulator on each will promptly 
develop the fact that the load variations on the systems 
will be so dissimilar that regardless of frequency control, 
the power flow over the tie lines cannot be regulated. 
In fact it has been observed in some cases that when 
the bulk of the load change falls on one system, the 
power flow over the tie line exceeds the load change by 
the amount required to accelerate or retard the systems. 
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The Duquesne Light Company, having recognized 
several years ago that the problem was one of load 
control rather than one of frequency control, enlisted 
the cooperation of several manufacturers in an experi- 
ment with automatic control of the tie line connecting 
the Duquesne Light Company having a normal capac- 
ity of 360,000 kw. with the West Penn Power Company 
whose interconnections form a network of more than 
4,000,000 kw. capacity. The tie which is between the 
Colfax Station and the Springdale Station of the West 
Penn Power Company is rated 36,000 kva. at 132 kv. 

In addition to the control of power over the tie line 
it has also been desirable to maintain frequency within 
a very close range. The control of frequency in itself 
has been found possible through the use of automatic 
equipment, and is a comparatively simple problem. 
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Fig. 1 illustrates system frequency with and without 
automatic control. 

The maximum economy possible as a result of inter- 
connection will not be obtained unless the most efficient 
loadings of the several generating units on the inter- 
connected system are closely adhered to. This loading 
must be anticipated and must take account of the 
distribution of the load, the inherent efficiency of the 
generating station and units, and numerous other 
factors. This economy cannot be obtained with 
manual control, and to obtain the greatest advantage 
the control must be automatic. Such control must be 
simple, reliable, and accurate and must be susceptible 
to being readily set for any division of load between 
the generating units which may prove advantageous. 

Automatic load control over the tie line and auto- 
matic control of the output of the generating units in 
accordance with a predetermined program, both being 
supervised by or subservient to automatic frequency 
control, have been in successful operation at the Colfax 
Power Station for some time. This equipment has 
been developed as a result of considerable research work 
both by the Duquesne Light Company and two manu- 
facturers whose equipment is in use. While no doubt 
many improvements are yet to be made, the operation 
exceeds expectations held at the time the work was 
started some two years ago. 


Performance of a tie line connecting two large power 
systems involves the rate of load change, inertia, and 
sensitivity of the prime mover governors, along with 
the electrical characteristics, such as amount of reac- 
tance in the tie lines connecting the two systems. A 
load change on one system causes a redistribution of the 
load between the various prime movers, and also a 
transient distribution which occurs during the period 
of adjustment to the new load. This transient con- 
dition is not noticeable in a closely tied system such 
as the average metropolitan utility. However, if there 
is only one tie line connecting two systems, these load 
transients are concentrated and assume considerable 
importance. The majority of load changes occurring 
on the West Penn tie line connecting the Colfax and 
Springdale Stations are of a transient nature of rather 
short duration. 

The prime requirements of a successful tie line load 
regulator are that it must not respond to these small 
transient load changes, but it must respond to small 
sustained changes. In addition it must respond to 
large load changes whether temporary or sustained. 


TrE-LINE LOAD REGULATORS 


The Westinghouse Company has developed two types 
of control equipment. The first type was devised 
primarily to eliminate corrective action due to tran- 
sient changes, but to respond rapidly to load changes 
of reasonable magnitude. This type of load control 
shown schematically in Fig. 2 consists essentially of 
two solenoids responding to watts. These coils are 
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connected in A and C phases and are shown as C and 
D. They are arranged to assist each other in balancing 
the arm E which has a movable weight F riding on it. 
The action of the regulator is as follows: 

With the weight F' immediately above the fulcrum, 
the arm E is balanced and requires zero watts in the 
coils to maintain a balance. Any power flow through 
the coils will cause the arm E to “raise’’ or ‘lower’ 
depending upon the direction of the power. For small 
changes in load the contact J engages either the raise or 
lower stationary contacts R or L. These contacts send 
an impulse to the governor motor through time delay 
relays, which are adjusted to delay the impulse approxi- 
mately 214% seconds after the contacts have closed. 
Experience has shown that on the West Penn tie line 
the periods of the transient load swings have a shorter 
period than two seconds. An oscillation occurring on 


T=TIME DELAY RELAYS 
A=AUXILIARY RELAYS 


Fig. 2—WersTINGHOUSE SOLENOID Tyrer Auromaric Trn-LInn 
REGULATOR 


a tie line will cause an unbalance and close the “raise” 
or ‘‘lower’’ contacts. If the period of contact engage- 
ment exceeds the 214-second time delay a correction 
is made accordingly. If the period of the contact 
engagement is less than 214 seconds no correction 
results. 

A second set of time delay relays is provided to 
limit the length of impulse delivered to the governors 
to a predetermined value. 

The part of the regulator described above takes 
care of the first requirement very satisfactorily. To 
take care of large changes in load, a second set 
of contacts K is provided which operates the speed 
changer motor directly through the auxiliary relays 
without time delay. The contacts K are set to close for 
approximately 10,000 kw. change in load, but hunting 
of the regulator in this zone is prevented by the open- 
ing of these contacts at + 5,000 kw. Below this value 
the auxiliary contacts J are relied upon to return 
gradually the line load to normal. 


42 PURCELL AND POWEL 


This device has shown considerable promise in that 
it does not cause corrections to be made which must 
immediately be counteracted by reverse corrections. 

A large change of turbine loading to counteract load 
in a tie line results in considerable energy being sup- 
plied to the system to accelerate it while changing the 
phase angle relation across the tie line. It can be seen 
that after the phase angle is changed this energy is still 
available to supply load, which results in an overshoot- 
ing of the proper value. It is essential that any regula- 
tor responding at a rapid rate must have a wide zone 
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Fig. 3—WerstincHouse Ketyvin Batance Type AUTOMATIC 
Tin-LinE REGULATOR 
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about the final position in which the load corrections 
are made in small increments. 

The above regulator is not well adapted to remote 
control, and for this application another design utilizing 
a Kelvin balance has been developed. This regulator 
has a calibrated spring F (Fig. 3) attached to a geared 
disk G which allows the torque due to the power in the 
Kelvin balance to be neutralized by rotating the disk G 
to the right or left, so that a balance can be made at any 
load within the limits of the spring F. A motor-driven 
cam mechanism is arranged to make contact intermit- 
tently with the contacts H and check the position of the 
Kelvin balance EF. Variations in load cause the Kelvin 
balance to deflect the contact H which through suitable 
mechanism makes contact with the cam J thus routing 
the “raise” and “lower” impulses to the governor motor. 

It can be seen that as the unbalance decreases the 
period of contact engagement with the cams decreases 
and the duration of the impulse to the governor motor 
also decreases thus providing an anti-hunting feature. 
Disk G can be rotated by a position transmitter, or a 
D’Arsonval element can be attached to the lever E' to 
counteract the torque in the Kelvin balance, making 
the device readily adapted to remote control. 

No time delay relays are used with this device. It 
will cause more corrective impulses to be delivered to 
the governor motors than the device first described and 
it is somewhat slower in correcting large errors due to 
rapid changes of load. It will, however, maintain a 
closer integrated load under average conditions. 

The solution of the problem of tie line control offered 
by the Leeds and Northrup Company consists essen- 
tially of a master element comprising a thermal con- 
verter and a load setter. The thermal converter is simi- 
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lar to the Lincoln thermal demand meter, except that 
instead of using a bi-metal strip to indicate the kilowatt 
load, thermocouples are inserted which produce a poten- 
tial for transmission to suitable receiving apparatus. 

The thermal converter is indicated at C, Fig. 4. 
The load setter is a potentiometer with a calibrated 
dial, and is adjusted to give a potential equal to the 
thermocouple potential of the thermal converter for a 
given tie line load. These two potentials are con- 
nected in opposition through a sensitive galvanometer 
in the load controller. This galvanometer is similar 
to the Leeds & Northrup Company temperature re- 
corder, and deflects in proportion to the difference in 
potential between the load setter and the thermocouples 
of the thermal converter. 


The unbalance indicated by the galvanometer is 
checked by the cam mechanism shown at F, which 
delivers a corrective impulse to the turbine governors 
in proportion to the load error. This device tends to 
change the turbine loads until the tie line load flowing 
through the thermal converter sets up a potential equal 
to that of the load setter. This control gives very 
satisfactory operation. 


PROGRAM LOAD CONTROL 


In the past where frequency control has been adopted, 
it has been common practise to do all the regulating 
in one station and usually on one unit. Where the 
regulating device was put on more than one unit, it was 
found that the division of load between units was liable 
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to be erratic. Therefore load balancing schemes were 
devised to force the various units to take their proper 
share of load increments. 

These devices are relatively simple and perform 
satisfactorily, but the principle of dividing up all load 
increments proportionally between units in a steam 
station does not necessarily make for maximum effi- 
ciency. Most operators have considered the output of 
the machine and have not taken into account the in- 
efficiency due to operating with steam control valves 
in a throttling position. In the equipment developed 
by the Westinghouse Company in accordance with the 
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requirements established by the Duquesne Light opera- 
tors, load scheduling is based on turbine valve positions, 
rather than on generator output, thus maintaining each 
turbine at its most efficient valve opening regardless of 
the effect of the many variables which enter into the 
position of the valve with reference to the load. 

Fig. 5 shows a schematic diagram of the equipment 
used to obtain automatic division of load in accordance 
with the predetermined program loading at the Colfax 
Power Station. The capacities of the generating units 
in this station are as follows: 


iii NOs Lose os 60,000 kw 
(bail Salts te eka eae 60,000 kw 
RIMieNO co Ae et, | 30,000 kw 
Unit Nosob.... ..60,000 kw. 
UniteNoe.4A "0%... 41,250 kw. 
Unite Noc4B 8.2 41,250 kw. 


On the larger steam turbines the nozzles are usually 
grouped in three groups, each fed from the primary, 
secondary, and tertiary valves. These valves are 
equipped with auxiliary switches to establish the proper 
sequence of loading. Referring to Fig. 5, the motor- 
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operated selector switch routes the ‘‘raise”’ or “‘lower’’ 
impulses from the tie-line load regulator through the 
load scheduling device to the turbine governors. In 
-order to simplify the description and diagram as much as 
possible only two machines have been shown each with a 
primary and secondary valve. 

There are six loading schedules as shown in the table 
and in order to set up any one of these schedules, a 
system of receptacles and plugs is used. There are 
four machine receptacles and four sequence recepta- 
cles. The selector switch has four independent contact 
arms, two of which are used for routing the raise or 
lower impulses and two for the control of the selector 
switch driving motor. The position of the selector 
switch is determined by the position of the valve auxil- 
iary switches and also by the way in which the machine 
and sequence receptacles are connected by jumpers. 
For example consider that machine No. 1 primary 
receptacle is connected to sequence receptacle No. 1, 
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No. 1 secondary to sequence 2, No. 2 primary to 
sequence 3 and No. 2 secondary to sequence 4 recep- 
tacles. The operation would then be as follows with 
both machines carrying minimum load and the selector 
switch in position No. 1: On increasing the load, the 
load regulator makes the raise contact and the 
raising impulse. is routed through to No. 1 governor 
motor. After the load has increased to the point 
where the primary valve is wide open, the primary 
valve auxiliary switch makes contact which energizes 
the forward control of the selector switch driving motor 
on the next raising impulse. The selector switch 
rotates in the forward direction until cut off by the 
forward contact breaking the circuit with the first 
contact. The width of the forward and backward 
contacts are such that the motor will drift to the next 
position after the control circuit is broken. The 
switch is now in position No. 2 and the raising or 
lowering impulses are still routed to No. 1 governor 
motor. In the same manner, the selector switch 
transfers to the next position after the secondary valve 
on machine No. 1 fully opens. On decreasing load, the 
selector switch returns, the motor being energized by a 
circuit through the “backward”’ selector switch arm and 
the valve switch contacts which make when the valves 
are closed. The forward and backward auxiliary relays 
seal in so that the motor-selector switch travels at 
least one position and also breaks the control circuit 
from the regulator so that control is broken during 
the transfer. 

Fig. 6 is a rear view of the program load control 
panel, showing the 32 receptacles and jacks. One row 
of receptacles represents the 16 valves on the six 
turbo-generators and the other row represents sequence 
positions, these being numbered 1 to 16. By inserting 
the jacks in the proper receptacles any desired sequence 
of load scheduling can be obtained. The motor- 
operated selector switch is at the right. The master 
raise and lower contactors are at the top of this panel. 
On the front of the panels are mounted the relays and 
necessary control and transfer switches. 


HYDRAULIC SPEED CHANGER 


Changing the speed or load on a turbine controlled 
by the usual flyball governor is accomplished by 
increasing or decreasing the tension on the speed 
changer spring. The tension on this spring is approxi- 
mately 1,000 lb. with the governor in full load position 
and the standard mechanical speed changer has hereto- 
fore carried this load under normal operating conditions 
without appreciable wear. 

The introduction of frequency control, however, 
which called upon the speed changer to respond as 
often as 30 impulses in a minute, made it necessary to 
remove the spring load from the speed changer parts 
in order to prevent excessive wear, and for this purpose 
a hydraulic speed changer was developed and has been 
in successful operation for some time. 
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The hydraulic speed changer shown in Fig. 7 con- 
sists of an oil-operated piston, A, carrying the load of the 
spring, B, a relay C within the piston to control its posi- 
tion, a motor-operated speed changer mechanism D 
for adjusting the oil relay, and mechanism, E, to control 
the governor position by hand in case of failure of the 
oil pressure. 

The relay controls the position of the operating 
piston by means of four discharge ports. On the up 
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stroke of the relay, oil supplied through an orifice to 
the upper face of the piston is discharged through the 
piston to the drain. On the down stroke of the relay 
the discharge ports are closed, the oil pressure builds up 
on top of the piston which then follows the movement of 
the relay. The relay travel in the operating piston 
is restricted to 1% in. in either direction so that in case 
of oil-pressure failure, the spring load can be taken by 
the relay itself with only 1% in. change in the spring 
length. 

The relay is moved up and down by a rotating nut 
actuated either by the speed-changer motor or by the 
handwheel and is prevented from turning by a key. 


The motor-mechanism worm gear is locked to the 
nut by two long sliding pins, so that the worm wheel 
housing and nut rotate asa unit. For hand operation 
the hand wheel is lowered, disengaging the sliding pins, 
and permitting the handwheel to operate the oF relay 
independently of the motor mechanism. 

The relay controlling mechanism is submerged in 
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oil, which is kept at a constant level by a drain pipe, 
and is supplied with oil by the discharge from the relay. 
Since the rotating parts of the mechanism are well 
lubricated and are not loaded with the spring tension, 
they are free to respond to a short contact of the tie- 
line load regulator. To prevent the motor from over- 
traveling a magnetic brake is provided. 

All generating units on the Duquesne Light Com- 
pany’s system on which automatic control, either of the 
frequency or load type, is used, will be equipped with a 
speed-changing device of this character. 


OPERATING EXPERIENCES WITH TIE-LINE 
LOAD CONTROL 


The instantaneous speed of any system is a function 
of the system load and the setting of the turbine gover- 
nor. Thus, with any given setting the speed of the sys- 
tem will vary as the load changes. If two systems are 
interconnected through one or more lines, the speed of 
the entire interconnection becomes a function of the 
governors and the total load, and the generator load on 
one system does not bear a direct relation to the demand 
on that particular system. The generator load being a 
function of system speed requires that the excess demand 
be supplied through the interconnecting tie lines. If 
the two systems under control are of the same size 
and have approximately the same load characteristics, 
it is possible to remain in parallel for reasonable periods 
of time without overloading the tie lines when operating 
on straight speed-governor control. It is. customary 
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when such an interconnection exists for the system con- 
trolling the tie line to adjust its governors to maintain 
60-cycle frequency if this correction will tend to correct 
the tie-line loading. 

With frequency control on one system, it is evident 
that all of the load changes occurring on the entire 
interconnection will eventually appear on the units 
under automatic control, so that all the net load changes 
of the system without frequency control will appear in 
the tie line. 
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Observation on the Colfax-Springdale tie line for a 
period of two years has shown the above reasoning to be 
correct. Difficulties were found in maintaining an 
exchange of power between the systems when it ap- 
proached the amounts contracted for. The variations 
in load appearing on the tie line required almost con- 
stant supervision of the loading, and the situation was 
aggravated with the addition of frequency control on 
the West Penn Power system. Fig. 8 shows typical tie- 
line load and frequency charts during manual control. 

It is generally assumed that tie-line load control 
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tends to make frequency control more difficult to obtain. 
This is based on the assumption that load changes on 
one system must all flow over the tie line and be com- 
pensated for by the frequency-control equipment before 
the tie-line control equipment has functioned. That 
is to say, the load change is first corrected by the fre- 
quency regulator and later corrected by the tie-line 
control, which in turn requires the dropping by the 
frequency regulator of load equal to the amount picked 
up by the tie-line load control. This reasoning would 
be sound if the frequency-control equipment were very 
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much faster in response than the tie-line regulator. 
As a matter of fact experience has shown that the two 
types of control work satisfactorily together, although 
possibly at the expense of increased frequency of opera- 
tion during periods when corrections must be made by 
one control to compensate for the operation of the 
other. 

It has also been observed that the use of tie-line 
regulators affects the permissible neutral zone of the 
frequency regulators on the interconnected systems. 
The initial installation of tie-line load control at Colfax 
was made at a time when the West Penn Power Co. 
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was maintaining frequency within plus and minus 0.05 
of a cycle by means of automatic-frequency control 
devices at the Windsor Power Station. Later in order 
to reduce the overloading of other tie lines the fre- 
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quency was allowed to vary as much as plus and minus 
0.15 of a cycle. This resulted in a more erratic power 
flow over the tie line and an increase in corrective opera- 
tion of the tie-line regulator. Fig. 9 shows a tie-line 


46 


load chart illustrating this effect. The erratic power 
swings are due to the fact that when there is a load 
change on onesystem thereis aspeed change which affects 
the governors on both systems. While the West Penn 
frequency regulator is attempting to readjust frequency, 
power flows over the tie line and the tie-line regulator 
functions to change the Colfax governor-speed settings 
until it is again in balance. The two regulators will 
continue to operate until a new steady state has been 
reached and the load change: has been taken care of by 
the system on which it occurred. It is felt that while 
the solution to tie-line load swings may be temporarily 
put off by allowing frequency to drift, eventually system 
speeds will have to be held rigidly at 60 cycles and load 
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line control performance during periods of very light 
load, such as Sundays and holidays. The control gives 
a very narrow band and maintains the loading without 
any marked divergence from the normal load. This 
can be attributed entirely to the reduction in con- 
nected capacity and lack of fluctuating loads from indus 
trial plants. During the period in which these charts 
were recorded the interconnected systems were under 
automatic-frequency control from the Windsor Power 
Station of the West Penn Power Co. 
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control on all tie lines utilized to permit maximum 
utilization of existing transmission facilities between 
the interconnected systems. 


Another interesting observation has been the effect 
on the normal band of power swings with and without 
tie-line control. Fig. 10 shows that under manual 
tie-line load control the average load drifts without any 
appreciable change in the width of the band of power 
swings, whereas with automatic tie-line load control the 
average load is maintained very close to the desired 
amount, but the band of power swings is greatly en- 
larged. Fig. 11 is representative of the automatic tie- 
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Tests were conducted by the Duquesne Light and 
West Penn Power Companies in October 1930, to 
determine the rate of response of the tie-line control 
and the frequency control to rapid load changes. This 
was accomplished by rapidly lowering the load on the 
Colfax Power Station 30,000 kw. and allowing the load 
and frequency controllers located at the Colfax and 
Windsor Power Stations respectively, to correct the 
load distribution and frequency without manual 
assistance. Figs. 12 and 13 show the records obtained 
on the station graphic instruments at Colfax and 
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Windsor during three consecutive tests. These are of 
interest primarily because of their time scale and 
because they are typical of those obtained in ordinary 
practise. For the purpose of analyzing the instan- 
taneous load shifts, higher speed-test meters were 
used, and the results are shown in Figs. 14, 15, and 16. 
It will be noted that in all three tests, when 30,000 kw. 
was dropped on unit No. 3 at Colfax the power flow 
over the tie line increased almost simultaneously and 
at the same rate as the load was dropped. This 
initial division is a characteristic of interconnected 
systems when the load change occurs at the end of the 
tie line opposite from the point of frequency control. 
Without tie-line control the Windsor Station being 
under frequency control would have picked up the 
entire 30,000 kw. dropped. However, the curves 
show that in all cases the tie-line load control had 
accomplished considerable correction by operating on 
Colfax unit No. 1 before the frequency regulator at 
Windsor had caused that station to acquire much of 
the load dropped. All three tests were similar except 
that the speed of response of the tie-line load regulator 
was increased in tests No. 2 and No. 3. It will be noted 
that in the second test (Fig. 15) the load was dropped 
at Colfax generating station but was not picked up at 
Windsor, due to this station dropping load faster to 
compensate for load changes on its own system. This 
is shown on the Windsor charts of Fig. 12, and inci- 
dentally is a very good example illustrating the advan- 
tages of load diversity through interconnection. 


CONCLUSIONS 


1. It has been demonstrated that tie-line load 
regulators and program loading equipment have been 
developed to a commercial stage. 

2. Tie-line load regulators on one system can be 
operated satisfactorily in conjunction with frequency 
regulators on a connected system. 

3. It has been demonstrated that tie-line control 
may be used to reduce load fluctuations between 
interconnected systems. 


Discussion 


H. S. Fitch: Any discussion of this initial and timely paper 
on automatic tie-line control should consider first the nature of 
the interconnection, for upon the type of interconnection depends 
largely whether the operating problem is the proper loading of 
tie-lines or the stabilization of frequency or both. As the authors 
have stated, the important problem of this interconnection is that 
of controlling the interchange of power between the several 
systems. 

The Pennsylvania-Ohio-West Virginia interconnection is a 
fairly compact one within an approximate total area of 101,000 
square miles and is strongly interconnected by means of the 
132-ky. transmission backbone throughout its principal com- 
ponent systems. The total normal running generating capacity 
is 4,000,000 kw., the Duquesne Light Company generating 
capacity is 360,000 kw. or approximately 10 per cent and the 
132-kyv. tie-line between the Duquesne Light Co. and the West 
Penn Power Co. is limited by transformer and regulator capaci- 
ties or 36,000 kva. or to approximately 1 per cent of the total 
interconnected capacity. 
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Regulation of the load among the interconnected systems of 
this group and among the individual power stations of each 
system has been a most difficult problem. As each system 
joined the interconnected group it would have to scrap, in 
many instances, much of the operating practise of load and 
frequency regulation it had built up over a long period of o:pera- 
tion. It was recognized early in the history of this intercon- 
nected system that in the problems of plant loading, tie-line 
control and complying with the terms of the many contracts by 
which each system interconnected with its neighbors, frequency 
control was a matter of vital consequence. 'Those companies 
which were interconnected with more than one other company 
at different points, were greatly limited in their ability to main- 
tain correct loading on the various interconnecting tie-lines. 
While it was not difficult for a company on the side adjacent to 
the major frequency controlling station to maintain its tie-line 
load at desired value, it was difficult for those companies inter- 
connected to it and farther away from the center of frequency 
control to regulate the amount of power flowing in its inter- 
connecting tie-line. 


The frequency of the system was constantly being changed by 
the various power stations attempting to regulate the flow on the 
tie-lines by opening or closing the turbine governors, especially 
during the abrupt load changing periods and it was usually 
9 a.m. before the system settled down to the morning load, 
which steady condition would last until 11:45 a.m. The Work- 
ing Committee of operating executives believed that if the fre- 
queney could be held at 60 cycles with but a very slight deviation 
—less than 1/20 of a eyele—the outlying company would need 
only to adjust its interconnecting tie-line load, the next company 
in turn adjust its tie-line load and so on to the last tie-line con- 
necting to the central frequency regulating station. In this 
manner, the tie-line load equilibrium would not be disturbed. 


Tie-line control on this interconnection was, therefore, first 
attacked from the point of view of frequency control for it was 
believed then, as the authors of this paper verify now—‘‘that 
while the solution to tie-line load swings may be temporarily 
put off by allowing frequency to drift, eventually system speeds 
will have to be held rigidly at 60 cycles and load control on all 
tie-lines utilized to permit maximum utilization of the existing 
transmission facilities between the interconnected systems.” 
It was exactly this problem that the operating engineers tackled 
in the early part of 1929 by assigning to Windsor Station the task 
of holding a flat frequeney with six 30,000-kva. generators with 
one operator on each shift assigned practically the sole duty of 
holding a steady frequency by manual adjustment of the six 
governors. At that time no commercial type of automatic 
frequeney control was available. The Windsor operators were 
to be more watchful over frequency, and more agile in adjusting 
it than the other operators of the system had been and were to 
concentrate on loading the station but maintaining a close fre- 
quency range, whereas all other operators were to concentrate 
on maintaining a close tie-line load adjustment manually and 
forget the frequency. 


This new scheme of operation worked successfully from the 
start. Troubles with tie-line regulation seemed to disappear like 
magic. Whereas it had been usual practise to adjust tie-lines 
three or four times an hour, now three or four times a morning or 
afternoon or evening suffices. 

The control of close frequency has not been a simple problem as 
stated by the authors, but has been one in which the manufac- 
turers of the equipment have been actively engaged since 1929 
and on which the Working Committee has applied much atten- 
tion and made many tests gradually working toward a more 
rigid 60-cycle control. Three times equipment has been in- 
stalled at Windsor by one manufacturer until now a very close 
frequency range is attainable and another manufacturer is now 
installing his equipment for test purposes: 

At this writing, frequency control is installed not only at 
Windsor Station, but at Philo Station of the American Gas & 
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Electric Company and the Springdale Station of the West Penn 
Power Company to relieve the Windsor station of the large 
shifts in load at the load changing periods which were often as 
high as 80,000 or 90,000 kw. in 8 or 10 minutes. These three 
power stations by their firm interconnection may be considered 
to be the nucleus of the system and present a very compact and 
unified system of frequency control. So far no trouble other 
than adjustment of speed and amount of response has been 
necessary to keep these three frequency regulating devices in 
synchronism. The three of them in unison are doing a very 
satisfactory job. There has been no serious wear on the gover- 
nor mechanism at any station due to speed change impulses of 
nearly 30 times a minute. The dispatching work of putting the 
control devices in and out of service and of regulating the number 
of generating units on each device at the three stations is super- 
vised by the Windsor load dispatcher. 


The control of frequency has been noticeably assisted by the 
automatic tie-line control installed on the Duquesne Light Co. 
interconnection which method is far superior to the manual 
method formerly used. However, it is very doubtful if automatic 
tie-line control would be effective with manual frequency con- 
trol, especially with the kind of frequency illustrated in Fig. 1. 
Therefore, it appears that a rigid frequency control is the first 
essential, and it was after this advantage had been secured that 
tie-line control was installed by the Duquesne Light Co. 


Too great emphasis cannot be laid on the statements made by 
the authorsin column 1, page 41 in regard to the use of automatic 
control to secure the maximum economy possible as a result of 
the interconnection and to obtain the most efficient loadings of 
the several generating units. Especially true are the statements 
that the regulator must not respond to transient load change, 
but it must respond to small sustained changes. 'The uses to 
which the program load controller can be put to obtain these 
maximum economies will be quickly recognized by every opera- 
tor. Most operators and several load control devices do not 
sufficiently take into account the inefficiency due to operating 
with steam control valves in a throttling position; neither do they 
allow the economies of very careful operation by having the 
turbine valve steadily wide open without cracking the next 
valve. Very close frequency control is necessary for this work. 


The tests made by the authors have advanced the subject 
immeasurably, and they have indicated new methods to operate 
interconnections more successfully and with greater economy. 
The job of operating smoothly one large interconnected area with 
another over a comparatively weak tie-line, each area having a 
multitude of interconnections, is now providing problems every 
day for the operating executives of the Chicago, Southern and 
Pennsylvania-Ohio groups. Whether the answer lies through 
frequeney control or tie-line control, or more probably through 
the correct application of both methods, is one now sought by 
tests, being continually made by. the operators of these systems 
and the manufacturers of these devices. 

Philip Sporn: This paper deals with a problem that is of 
utmost importance in the operation of interconnected systems‘ 
and a problem that is at present receiving a very considerable 
amount of study.. Experience is gradually being obtained with 
automatic control, and I believe that the final answer depends 
upon the proper application of automatic control, but not neces- 
sarily and certainly not primarily by automatic tie-line control. 

In discussing the interconnection problem, the authors refer 
to operation of the Chicago, Boston and New Orleans systems 
in parallel when occasion arises for exchange of power. At 
present there is no economic justification for parallel operation 
of the various areas mentioned and if they do finally operate in 
parallel, there will be nothing planned about such operation, but 
rather, it will be accidental. Power exchange will be a process of 
relaying and not any actual exchange of ROWS: for example, 
from Chicago to Boston. 

The statement is made that any attempt to regulate two or 
more interconnected systems with automatie frequency control on 
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each will develop the fact that load variation on the two systems 
will be so dissimilar that regardless of frequency control, the 
power flow over tie lines cannot be regulated. This has cer- 
tainly not been the general experience to date. Experience has 
shown that automatic frequency control on each of two systems 
operating in parallel greatly reduces the fluctuation on the tie 
line, and in one instance was the only practical means of operat- 
ing the systems in parallel through a relatively weak tie line. 

I certainly believe that automatic tie-line control has its place 
in the operation of interconnected systems and the authors are 
to be congratulated for the work they have done along the 
development of such apparatus. However, I do not at all agree 
with them that the matter of frequency control is comparatively 


simple and that the entire question practically resolves itself 


into one of tie-line control. 


In my opinion the authors have attacked this problem from 
the standpoint of a very special ease that could hardly be classed 
as a typical interconnected network since the tie line is of rela- 
tively low capacity and further, that there is only one tie line 
between the systems. The case cited in this paper is one in 
which two areas with generating capacities with a ratio of about 
10 to 1 are connected together through a single tie (transformer 
in series) of relatively small capacity. The question is con- 
siderably more complicated with two or more large systems 
connected together through numerous tie lines. In the latter 
case, it appears from a great deal of work that we have done on 
the problem to date, that distributed frequency control is the 
proper solution if we are to keep away from expensive Pe 
shifting equipment in tie lines. 


The paper describes tests that were made by the piles 
Light Company to demonstrate the action of the tie-line con- 
troller when generating capacity was dropped on the Duquesne 
Light Company’s system and showed in every case that Windsor, 
the frequency controlling station, picked up considerable of the 
load before the tie-line controller was able to make the proper 
correction. This definitely brings out the fact that the fre- 
quency controlling station must always take a certain amount of 
the “fringe.” An interconnecting system in which only: one 
station is designated to hold frequeney and in which all other 
sections have automatic tie-line control will result in the fre- 
quency controlling station taking the accumulated fringe of all 
parts of the systems. On an interconnection of any size, this 
will amount to considerable capacity, perhaps at times in the 
order of 100,000 kva. and this would most certainly impose an 
undue burden on the frequency regulating station. The result 
is that the system having the station under automatic frequency 
control must ‘‘hold the bag;’ this might perhaps be a satis- 
factory way of doing the job if it were possible to get someone to 
agree to take the power swings due to frequeney regulation. In 
the ultimate set-up, I do not believe anyone will be willing to 
sacrifice station economy in order to hold very close frequency, so 
that each of the interconnected companies may work out, its 
own ideal economy or contract loading program. 

Interconnection has been a process of tying together systems 
that had normally been holding their own frequeney, and when 
these companies started operating in parallel, it was natural that 
each should attempt to continue to hold frequeney.. The main 
difficulty with this method of operation was that the frequency 
recorders did not have the same degree of accuracy, and naturally 
resulted in each system attempting to hold a slightly different 
frequency. Such a condition usually resulted in tie-line loading 
difficulties. 


These difficulties led to the next step which was to designate 
one station to hold frequency and for other interconnected com- 
panies to follow their own loads very closely, so as not to upset 
tie-line loading. At first the designated station held frequency 
manually and the improvement over the old method of operation 
was so marked that automatic frequency control was installed 
in the one station. While the operation was yery, much im- 
proved over the old method of each station watching frequeney, 
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there was nevertheless considerable burden placed on the regu- 
lating station. This was mainly due to the fact that manual 
control on other parts of the system was slow as compared to 
the automatic control. 


This led to the conclusion that for a complicated intercon- 
nected system, distributed automatic frequency control would 
be the ultimate solution. It was realized that this was not a 
simple problem and that it should not be inferred that the prob- 
lem has been entirely solved by installing an automatic frequency 
controller in one station of each of the interconnected companies. 
The installation of a frequency controller in a given area may 
smooth out regulation over the mterconnecting tie line, but at 
the same time may create regulation difficulties within the sys- 
tem on which it is installed. The final solution of this difficulty 
may be additional frequency controllers within the given area, 
and it is in such cases as this that the automatic tie-line con- 
troller may be the ideal solution. But, the fundamental prob- 
lem will still be one of frequency control. Undoubtedly there 
will be cases where some limit must be set up as to the amount of 
power that can flow on tie lines, but the tie-line control should 
ordinarily be a supplement to frequency control. Asa matter of 
fact, tie-line control itself, such as described by the authors, 
approaches the question from the standpoint of frequency, 
because any attempt to adjust governors on one system so that 
it will supply its own load demands and limit the incoming or 
outgoing on a tie-line to another system, aims in effect to 
keep the speed constant. 


Experience has borne out the belief that automatic frequency 
controllers at several stations operate satisfactorily in parallel. 
For some time the Windsor plant has been holding frequency for 
a large interconnected system. Undue burden has been placed 
on this station and relief was sought by installing additional 
frequeney control at other stations. A series of tests in con- 
junction with two manufacturers is now in progress with fre- 
quency control at the Philo plant of The Ohio Power Company, 
at the Springdale plant of the West Penn Power Company, and 
at the Windsor plant, which is jointly owned by the West Penn 
Power Company and The Ohio Power Company. To date 
operation has demonstrated that available frequency controllers 
operate satisfactorily in parallel and that they have greatly 
reduced the swings on Windsor plant. It is of course necessary 
for system operators to become familiar with automatic fre- 
quency control if the results are to be satisfactory. In some 
eases it may be necessary for them to change their ideas some- 
what as to the accustomed methods of operation. One fact 
that has already been demonstrated is the possibility of having 
too much capacity under automatic control for a given system 
load. However, this does not mean that there are too many 
points of control. It is felt that the surface is only scratched 
and that the ultimate solution depends on proper distribution 
and coordination for parallel operation of these automatic 
controllers. 

One of the most important justifications for interconnection 
is the mutual help that it renders possible during emergency 
conditions. As at present applied. automatic tie-line control 
is not entirely satisfactory from this standpoint, that is, if there 
is a need for help on the system which has automatic tie-line 
control, this controller will allow power to come in from the inter- 
connection. However, if need for help arises on the other end 
of the interconnection, the controller will attempt to limit this 
power flow. Undoubtedly a proper solution of this difficulty 
can.be worked out, but this will probably mean cutting out the 
tie-line control during such cases of need. On the other hand, 
if there is frequency control on both sides of the tie line, the situa- 
tion is somewhat different and it seems to me more satisfactory 
in that it will allow the maximum amount of help during emer- 
gency conditions. There are of course cases where the amount 
of power that can safely be exchanged between two systems is 
fixed by line and transformer limitations. In such eases, it may 
be necessary to use tie-line control. 
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As stated previously, I believe this problem of operation of 
interconnecting systems must be attacked from a very broad 
standpoint and worked out in such a way that all concerned will 
obtain the maximum benefits to be derived from such inter- 
connections. A solution which imposes undue burden on any 
system, or acts as a check on the usefulness of interconnection 
facilities, will ultimately fall down. 


John Gosinski: The operation of the tie-line load regulators 
described in this paper is concerned mainly with normal opera- 
tion of a tie line, that is, for the transmission of a predetermined 
amount of power. It will be found that interconnections between 
neighboring systems are relied upon not only for a normal trans- 
fer of power but also for a definite portion of system reserve 
capacity for use during major system transmission line or genera- 
tor outages. 


Since the value of an interconnecting tie line proves itself by 
its ability to swing in for large blocks of power in an emergency, 
any regulating device should preserve this feature of an inter- 
connection. It would be desirable to have the regulating device 
differentiate between the normal load drifts between systems and 
a sudden abnormal demand caused by loss of capacity by the 
neighboring system so that for the latter condition the tie-line 
regulator would become inoperative. 


Quite frequently a generating plant for load regulation may be 
a considerable distance away from the tie-line terminal, so that 
the impulses from the tie-line regulator would have to be trans- 
mitted over distances as great as 100 miles. The impulses of the 
regulator should, therefore, have such characteristics as to be 
suitable for transmission over the less expensive type of telephone 
or telegraph transmission channels. 


R. Brandt: This paper brings foreibly to the front the fact 
that the main problem to be faced in growing interconnections 
is that of making the power flow in predetermined amounts and 
predetermined directions. Frequency control as an end in itself 
is desirable only from the relatively minor point of view of 
synchronous clock time. As a step in the solution of the major 
operating problem, it is, however, of extreme importance since 
it furnishes a firm, steady foundation without which it would be 
futile to try to control tie-line loadings. 


For two reasons then the development of frequency control has 
been pushed in the New England region; (1), because it was the 
logical first step in the general solution of the interconnection 
problem, and (2), because it could be accomplished fairly readily 
as the authors of the paper point out, and that its aecomplish- 
ment did carry with it some desirable results. It can even be 
rather definitely stated that frequency control has had a steady- 
ing effect on tie lines and has, therefore, accomplished at least 
partially the solution of the main problem. 


There are undoubtedly some cases where tie-line control will 
serve the purpose better than speed control, and the case cited 
in the paper appears to be one in point. It must not be lost 
sight of, however, that unless speed were being held steady some- 
where else the excellent results obtained with the equipment 
described would hardly have been found. The case of the 
Duquesne Light Company when connected with the West Penn 
Power Company, and through them to an extensive intercon- 
nection network by means of one short, strong tie terminating 
directly at a power station was an almost ideal location for tie- 
line control, and full advantage has been taken of this fact. 
Its extended application, however, to the more general case of a 
system which may be interconnected at the same time with 
two, three or more adjacent systems over relatively long ties, 
geographically separated by a hundred or more miles, and 


terminating at high tension substations rather than controllable 


sources of power, so complicates the situation as to make the 
application of any such tie-line controls as are at present avail- 
able quite impractical. 

; Frequency control on the other hand does offer at least some 
measure of help in the complicated general case. Automatic 
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equipment in operation on adjacent systems will have a steadying 
effect in all of the tie lines between the systems so equipped. 

All this does not mean that swings will be eliminated. They 
may even increase in number, but their average magnitude should 
be reduced. During the steady load periods of the day it is 
probable that the ups and downs of the fringe of the load curve 
on adjacent systems will not absolutely coincide, and that some 
unnecessary transfer may be brought about which will have to 
be later corrected. However, any transfer from this cause is 
minor compared with that which occurs during the fast changing 
periods of the morning, noon and late afternoon. At these times, 
the direction of load change on all interconnected systems which 
do not cross time belts will most certainly be in the same direc- 
tion and at the same time. In this ease the simultaneous opera- 
tion of frequeney controllers having substantially the same 
sensitivity and response characteristics is of undoubted benefit. 


The mechanical devices described in the paper have been well 
thought out and have served their purpose admirably. In 
particular, the anti-hunting feature which takes into account 
the momentum which has to be established and later destroyed 
in bringing the system from one load condition to another is well 
explained. 


The authors are to be congratulated on the soundness of the 
conclusions reached, based on the conditions covered by their 
experience, and on the useful definitions of the requirements of 
successful tie-line load control. 


L. F. Hunt and M. MacFerran: The paper is of especial 
value in pointing out that the problem of frequency control is 
intimately related to that of load control, 7. e., the division of load 


among machines according to some predetermined schedule.. 


It is important to note that the desirability of propertly corre- 
lating load and frequency control is not confined to independent 
systems connected by a light tie line, but extends also to any 
system which has several sources of energy which must be co- 
ordinated. Especially is this true when two or more units are 
necessary for regulation. 


The use of the hydraulic speed changer is a very interesting 
development. The question suggests itself as to whether this 
device does not introduce one more time-consuming step into the 
already complicated chain of events involved in the action of the 
governor and the compensating or speed-changer spring. In 
fact, the very circumstance that makes the hydraulic attachment 
necessary—the operation of the speed-changer spring 30 times a 
minute—suggests that the whole governor mechanism is now 
being put to a use for which it was never intended. Originally 
the governor and compensating spring were designed to give a 
drooping speed-load characteristic suitable to the operation in 
parallel of numerous governed units. Then the necessity for 
constant frequency gradually arose, and the burden of the 
regulation was all placed on one unit or plant, with an auxiliary 
frequency-control device acting constantly to change the tension 
of the compensating spring. The net result is a perfectly flat 
speed-load characteristic, obtained not by direct and simple 
means but by a long chain of adjustments and readjustments. 
This complicated mechanism, while functioning fairly well under 
normal load conditions, is unduly sluggish and unresponsive 
during transient conditions, because there are so many points 
of slack and lost motion. It would seem that modern conditions 
dictate a more direct method of control, as for instance an elec- 
tric frequency device working directly on the pilot-valve of the 
machine. Such a scheme can readily be extended to include 
automatic load division control when two or more machines do 
the regulating. 


P. B. Juhnke: This presentation corroborates effectively the 
opinion held by the writer for some time to the effect that tie- 
line regulation apart from frequency of regulation is an essential 
part of system regulation. No matter how fine the regulation 
and control of frequency may be, drift of power over inter- 
connected ties cannot be entirely avoided without special atten- 
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tion and effort. With frequency of regulation neglected, these 
drifts will easily reach the limits of the tie-line relay settings 
and consequently cause trip-outs of interconnecting elements. 

This tie-line regulation may be accomplished in different ways. 
It may be through phase shifting or through action on turbine 
governors, actuated in either case by the tie-line load. But it 
must be present and of ample dimensions to accomplish its pur- 
pose. Then frequency of regulation can best accomplish its 
object and the result is a system greatly stabilized and able to 
function as desired. 


T. E. Purcell and C. A. Powel: Most of the experience cited 
confirms that of the authors but the conclusions drawn are not 
always identical. 

Mr. Fitch has given an excellent summary of the operating 
experience in his district. It might be interesting to note that 
the increasing power exchanges between the West Penn system 
and the Duquesne Light system after automatic frequency con- 
trol was adopted on the West Penn system led to the installation 
of automatic tie-line load control on the Duquesne-West Penn 
interconnection in order to prevent the load changes on the 
Duquesne system from being transmitted over the tie-line. Ex- 
periments had previously been made with automatic frequency 
control on the two systems but it was found that the tie-line 
load could not be held within the required limits by this means. 
Experience since the presentation of the paper indicates that the 
performance of the tie-line control is not influenced by the 
quality of the frequency regulation on the interconnected sys- 
tems. ‘Tie-line control does have a stabilizing effect on the fre- 
quency of the interconnection. 

Mr. Brandt has given an excellent contribution of his experi- 
ence in the New England area. It would be interesting to be 
able to compare an installation of tie-line load control and parallel 
frequency control on the long tie lines of his system with 
the results obtained on the Duquesne-West Penn tie. Messrs. 
Brandt and Gosinski point out that in many eases the tie-line 
to be controlled is remote from any generating station. Two of 
the tie-line load regulators shown in Figs. 3 and 4 of the paper 
are so designed that they can be adapted to remote control. — 

The use of frequency regulators to accomplish phase-angle 
control, as referred to by Mr. Sporn, would undoubtedly lead to 
undesirable distribution of load between generating stations, 
thereby resulting in decreased efficiency of generation. It is the 
authors’ opinion that this loss might be great enough to more 
than justify the installation of phase-angle control equipment. 

It seems to the authors that the conclusions drawn by Mr. 
Sporn from the experience at Windsor during the test described 
in the paper are not fully justified. No doubt the frequency con- 
trolling station may take a certain amount of the fringe but the 
tie-line load regulator is much more sensitive on a large inter- 
connection than any automatic frequency control can be. It 
seems to the authors that Mr. Sporn has presented a very excel- 
lent argument for automatic tie-line control as he points out in 
his discussion that frequency control in one station is desirable, 
but up to the present time has not been successful on his system 
due to the difficulty under such condition of holding load on tie 
lines within proper limits. This can be accomplished most 


ideally by the use of the automatic tie-line load control equip- 


ment described in the paper. The automatic tie-line control 
regulator can be so biased with frequency that it can be made to 
function in the desired manner during emergencies. 

With regard to the questions raised on the use of the hydraulic 
speed changer, we have found the introduction of a program load 
control eliminates excessive wear on governor parts of any indi- 
vidual machine. The question raised by Mr. Hunt and Miss 
MacFerran is well taken. Perhaps there are other or better ways 
of controlling the speed than by the use of the hydraulic speed 
changer. However, this mechanism not only allows the gover- 
nor to function well under normal conditions, but also under 
transient conditions. Full load may be suddenly dropped from 
this machine without excessive increase in speed. 


Tuned Power Lines 
BY H. H. SKILLING* 


Associate A. 1. E. E. 


Synopsis.—A new approach to an important problem in the 
field of electric power is offered by the author, who limits his dis- 
cussion to the possibilities of tuned lines rather than their practical 
application. He presents the results of extensive research work, 


and on the basis of laboratory experiments points out that through 
the use of higher transmission frequencies, the efficiency of a given 


line might be increased as much as 500 per cent. 
* * * * * 


ESS than 50 years ago when electrical engi- 
neering was young, there was vital and active 
interest in subjects which today are taken 

literally for granted. In early electric power work 
not the least of these was the question of choosing a 
desirable frequency for a-c. systems; 20 cycles, or 50, 
or 100? It was only natural that discussion pertaining 
to the frequency question considered principally the 
relative merits of different frequencies from the point 
of view of electric machinery—generators, motors, and 
transformers—with practically nothing said of the 
then simple subject of electric power transmission. 

Thus it is that the large electric power networks of 
today find themselves definitely committed to certain 
frequencies earlier chosen for various expedient reasons. 
Now there is a definite trend toward the use of more 
and longer transmission lines for carrying large blocks 
of power from generation centers to load centers. In 
this connection the question of transmission stability 
is supreme; hence it is considered justifiable to reopen 
the question of desirable frequency, and to study it 
from the long lines point of view. It is well known of 
course that transmission characteristics of a given 
system may be improved by the use of frequencies 
lower than those now in vogue; but no general study of 
the influence of frequency has been published. 

While the fundamental transmission line equations 
are: 


E, = E, cosh /Z Y 1+ I, 4] - sinh /Z Y | 
Bie vies soe 
I, =1,cosh./Z Yl + E, Z sinh /Z Y l 


where 


E is voltage 

TI is current 

g subscript, signifies generator end of line 
r subscript, signifies receiving end of line 
Z is impedance per unit length of line 

Y is admittance per unit length of line 

L is length of line 


*Stanford University, California. 
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it is most convenient to discuss transmission operation 
in terms of the general circuit constants: 


A, = cosh V/Z Y I* 
B, = ua sinh /Z Y | 
1; = "cosh 4/7 v1 
C= Res sinh /Z Y l. 


For ordinary transmission lines and for frequencies 
higher than about 10 cycles per sec., the value of 
factor ./ Z/Y is practically constant and need not be 
considered as a function of frequency in this discussion. 
Hence the general circuit constants are proportional 
to the hyperbolic functions. However, if the resistance 
of the line in question is low compared with the reac- 
tance, and if the leakage from line to line is small, 
factor \/Z Y | becomes purely imaginary and 


A, = cos /ZY I* 
B, =7Z.sin /ZY1 
Din=,CORiN/Z Yh 
C, = ” 7 sin /ZYal 
Mo 
with Z, = ./Z/Y, the characteristic impedance of the 
line. . a Le 


Thus it is made evident why low frequency gives 
good transmission characteristics. The desirable con- 
ditions are low voltage regulation under load, small 
charging current when lines are unloaded, and high 
synchronous stability. All three of these factors 
require a low value for B, while synchronous stability 
requires also a value of A, approximately unity. Both 
of these conditions are obtainable with low frequency 
because Z and Y both are proportional to frequency, 
and as they decrease in value, the sine of ZY 1 
decreases while the cosine of the same angle approaches 
unity. 

Conversely undesirable transmission characteristics 
are encountered when the value of ./ZY / approaches 
a /2, because then the cosine approaches zero while the 


*Bold-face symbols (Z, Y) indicate absolute values (mag- 
nitude only) time relationships as indicated by angles omitted. 
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sine is near unity. Operation under such conditions is 
impractical because (1) regulation is so poor that with 
constant generator voltage the load is required to 
take practically constant current, (2) line charging 
current increases indefinitely as the receiving voltage 
rises, and (3) synchronous stability is possible only 
at extremely low power factor. 

If the value of ./ZYI lies between 7/2 and 7, 
synchronous loading is quite impossible, but a static 
load may receive power. The static power limit 
(which is determined by voltage regulation and occurs 
at the load for which dP,/d EH, = 0) becomes very 
large as ./ZYJ/ approaches 7, because sin 7 = 0. 
For the same reason charging current to the line is 
very small; hence, transmission conditions are as good 
when the frequency makes ./ ZY / = 7 as when the 
frequency is very low, except for the possible lack of 
synchronous stability. 

An important point worthy of detailed consideration 
is that where the frequency used makes the value of 
/ZYI slightly greater than 7, and synchronous 
stability also is attained. The terminal steady-state 
conditions are identical when ./ZY/ =k and when 
VZYl=k+%n7 with k representing any value of 
the function and m any integer. The truth of this 
statement for the idealized case under consideration is 
evident from the fundamental transmission line equa- 
tions. The physical meaning is that transmission 
is good over a line the length of which is equal to a very 
small fraction of a wavelength of the transmitted 
voltage, and that it is equally good over a line the 
length of which is equal to a half wavelength or any 
multiple thereof. But this consideration includes only 
steady-state terminal conditions of a line without 
losses; certain modification is necessary before this 
statement may be considered to apply generally. 

When line losses from resistance and leakage are 
not negligible it is best to use the hyperbolic-function 
form of general circuit constants. No change in the 
general understanding of conditions need occur, but 
the definiteness of the ideal line is lost; the power limit 
now is not infinite (as when /Z YI =j 7) nor is 
synchronous stability either absolutely perfect or 
absolutely impossible. No longer is it quite true to 
say that 7 7 may be added to ./Z Y | without changing 
terminal conditions. These things are nearly true, 
but not quite. 

However, a point of far greater importance than 
line losses is the effect of terminal machinery. Even 
in the simplest system the general circuit constants 
will be modified by the generator, the transformers, 
and the load. If the apparatus at the sending end 
introduces a series impedance. Z,, and the receiving 
end apparatus introduces a series impedance Z:, the 
general circuit constants become: 

Leyes nee 
Z, sinh /Z Yl 


A. = Veosh VZ YI + 
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B, = Z,sinh /ZY1 + (Z; + Z») cosh VZY | 


Dei aap he 
+ Z sinh /Z Yl 
CoH Z, sinh /Z Yl 


2 


Zo 


But if the line is long and the machinery is designed 
to have fairly low synchronous reactance, the only 
change in the constants that need be contemplated here 
is that a term must be added to B,: 
B, = Z, sinh /ZY1+ Z’ cosh W/ZY 1 

where Z’ is the total impedance of the machinery. This 
is an approximation, but it is almost true when the 
value of ./Z YI closely approximates 7 or is any 
multiple of z. It is not at all applicable if the value 
of \/Z Y | approximates 7/2, but it may be generally 
used because it applies whenever transmission character- 
istics are favorable. : 

Transient synchronous stability usually is investi- 
gated only after line and armature transients have 
died out; therefore as in the case of steady-state 
stability, only terminal line conditions are effective. 
A half-wavelength line would have the same order of 
transient stability as a low-frequency line except as 
the terminal machinery might be altered. 


D,.= cosh «/Z Yl + sinh /Z Y l. 


TRAVELING WAVES. 


The nicest description of the operation of a line is in 
terms of traveling waves. The generator may be con- 
sidered as imposing on the line a series of electro- 
magnetic waves which travel on the line to be more or 
less reflected from the receiving end, setting up a wave 
train traveling back toward the generator. Where 
the line is short a reflected wave returns to the genera- 
tor so quickly after its initiation that it still is very 
closely in phase with the wave leaving the generator. 
Under this condition the voltages and currents of the 
two wave trains will add algebraically at the load end 
(assuming the load impedance to have the same angle 
as the characteristic impedance of the line) and differ 
by only a small angle at the generator end. Therefore, 
if attenuation is low the load voltage will be almost 
equal to, and in phase with, the generator voltage. 

If the line be longer there will be a correspondingly 
larger difference in phase relation at the generator 
between the outbound and the returning wave. This 
involves trigonometric addition of effective voltages 
and currents at the generator and even with low at- 
tenuation, line regulation may be bad. However, if 
the line be of the proper length the reflected wave 
will arrive back at the generator just one cycle after 
its initiation there and consequently in phase with the 
next wave leaving the generator. Voltages and cur- 
rents again will add algebraically and line regulation 
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will be very good because the reflected wave will in- 
crease both end voltages equally. In this case as 
with the very short lines the load voltage will closely 
approximate the generator voltage (if attenuation is 
low) but 180 deg. out of phase. 


The last few paragraphs have spoken of “long” 
and “short” lines. This refers to the electrical length 
of the line considering wavelengths rather than miles. 
However, a half-wavelength line is one for which the 
imaginary part of ./Z Y 1 is 7 7, and hence it may be 
either a short line operating at high frequency or a 
very long line operating at normal frequency. Repre- 
sentative dimensions of a half-wavelength line are: 
200 mi. long and 450 cycles, or 1,400 mi. long and 60 
cycles. 


The fact that apparatus at the ends of a line intro- 
duces impedance that increases the electrical length of 
the line already has been mentioned. It was shown 
that, approximately, 

By, = Z, sinh /Z Y 1+ Z’ cosh V7 ¥ I. 
Since good transmission conditions demand that 
B, = 0, it is desirable that 


/ 


Zo 


sinh /Z Yl = — cosh V/Z ¥ l. 


The hyperbolic cosine may be considered to be unity, 
either positive or negative. The lowest value of \/Z Y | 
that approaches a solution of this equation will be 
between 7/2 and 7 where the hyperbolic cosine will be 
negative and hence the values of frequency and length 
of line to be chosen should as nearly as possible make 


/ 


Za. 


sinh /Z YI = + 


Consequently when terminal apparatus is considered, a 
shorter line or a lower frequency should be used than 
those given as representative in the preceding para- 
graph. If it is desired further to shorten the line or 
lower the frequency, more inductance may be intro- 
duced into the line, preferably in combination with 
static condensers across the line; this will result really 
‘in a section of “artificial line.”’ 

The presence or absence of synchronous stability for 
any given line may best be found graphically. Such 
methods, based on the circle diagram of the trans- 
‘mission line, tell at once the whole story of load limit, 
stability, regulation, and other factors. Although 
many statements in this paper now appear somewhat 
obscure in the light of the equations only, they become 
perfectly clear when the circle diagrams are studied. 
The diagrams unfortunately are too voluminous to 
be included, but Fig. 1 shows results obtained from such 
‘charts for a 202-mi. 220-kv. line having three 500,000- 
cir. mil cables spaced 15 ft. apart in a vertical plane; 
terminal apparatus not included. Under these con- 
ditions the value of sinh ./Z Yl reaches a minimum at 
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447 cycles.. Whether or not there might be syn- 
chronous stability at this frequency depends upon the 
synchronous machinery; it is probable that there would 
be. It may be seen that the maximum power per 
phase to be received at 60 cycles by a unity power- 
factor load is about 50,000 kw. Lagging power 
factors are much worse, and leading power factors are 
not much better. With transmission at 447 cycles the 
maximum power (if supplied to a static load or to an 
induction motor) obtainable is more than five times the 
60-cycle limit. 

The reason for the peculiar action of a half-wave- 
length line is essentially quite simple. The capaci- 
tance of the line is so balanced against the inductance 
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of the line that the undesirable effects of both disappear. 
On an exact half-wavelength line with no losses and 
without load, with voltage maintained by a generator, 
the voltage at the receiving end would be equal and 
opposite to the voltage at the generator; in the middle 
of the line the voltage would be zero. The momen- 
tary charge at any point of the line would be propor- 
tional to the voltage; hence charging current would 
not need to be supplied from the generator, but merely 
would flow back and forth from one end of the line. to 
the other each half cycle. Although there would be 
no current flowing at either end of the line, there would 
be a large current at the middle where the voltage 
would. below. .. 


54 SKILLING: TUNED POWER LINES 


If load impedance were equal to the characteristic 
impedance of the line, current and voltage both would 
be constant along the line, but retrogressing angularly 
through 180 deg. The charging current would be 
passed on by each differential section of line to its 
neighbor as the voltage wave travels, finally to be 
used by the load. 

If load impedance were less than the characteristic 
impedance, the current would be least at the middle 
of the line where the voltage would be highest. This 
resonant voltage rise is valuable because it makes 
efficiency and regulation of such a line better than 
could be obtained even from d-c. transmission; by 
proper insulation, reactance of the terminal machinery, 
and proper choice of the characteristic impedance of 
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the line, resonant voltage rise may be prevented from 
becoming troublesome. 

It is because of the interaction of the distributed 
inductance and capacitance that such a line is called a 
“tuned line.” The similarity to a tuned radio circuit 
is striking. 

As evidence that a tuned line will behave as predicted 
by the fundamental equations, power was transmitted 
at 60 cycles over a 1,468-mi. artificial line. The 
characteristics were those of the 220-kv. line previously 
described (which may be recognized as the Pit River 
line of the Pacific Gas and Electric Company, Calif.) 
and the potential used was 127 volts to ground, 0.001 
of the real line voltage with a corresponding factor 
of 0.000001 for the power per phase as compared to 
the real line. The receiving end was arranged for 
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loading with either a static impedance of any power- 
factor or with a single-phase synchronous motor. 
Extensive tests were made and the observed character- 
istics were found to be in close accord with the com- 
puted expectations; synchronous stability of the system 
was found to be exactly as expected. The half-wave- 
length line plus the reactance of the synchronous motor 
gave fair stability. The introduction of reactance into 
the motor leads was found to improve stability greatly, 
at the expense, however, of power limit. When the 
line was shortened to slightly less than a half-wave- 
length, it was impossible to keep the motor in syn- 
chronism; no synchronous power could be obtained 
although resistance loads continued to operate. 


Fig. 2 shows reproductions of oscillographic records 
of voltages along the artificial line. Load impedance 
was somewhat less than the characteristic impedance of 
the line, and there was noticeable resonance. That the 
receiving voltage actually was lower than the sending 
voltage was due to the heavy load, the long line, and the 
unavoidable losses in the artificial line that do not 
properly represent a true line. Regulation would have 
been worse had the load been applied at an inter- 
mediate point. 


While the subject of this paper considers the possi- 
bilities of the tuned line rather than its practical appli- 
cation and the details incident thereto, it seems quite 
reasonable to suggest that it is not at all impossible 
that 400-mi. transmission at 150 cycles will offer 
attractive economic possibilities. With the use of 
such a line of course motor-generator sets (probably 
induction machines) would be required for frequency- 
changing, but costly synchronous condensers would be 
eliminated. Even so considering the cost of building 
and maintaining 220-kv. lines it seems reasonable that 
even a relatively large amount of terminal equipment 
could be justified if it would eliminate one long line. 
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He Morean: 


Discussion 


F. E. Terman: Some years ago I was in rather close contact 
with a group of engineers who were investigating the possibilities 
of a 500-mile 60-cycle transmission system. The chief difficulty 
encountered was in the low power limit of the transmission net- 
work at 60 cycles, and this ultimately proved the obstacle which 
prevented the project from materializing. In order to get 
around this difficulty many expedients were considered, such as 
raising the transmission line voltage to about 300 kv., lowering 
the frequency to 15 or 25 cycles, using intermediate synchronous 


March 1932 


condensers, ete., but it never occurred to anyone that raising 
the frequeney to perhaps 150 cycles might be the solution to the 
problem. 

The question as to whether tuned power lines will ever be 
employed in practise is of course dependent upon the economics 
of the future, but they are unquestionably a possible means of 
transmitting large blocks of hydroelectric power to distant load 
centers, and their consideration certainly upsets a number of 
preconceived ideas that most of us have held. 


A. A. Kroneberg: As stated by the author, the subject of this 
paper is not so much the practicability as the possibility of the 
tuned line. As such it is quite interesting. 

There are several questions that may be asked: 

ieinvtormila 2,.— 97, sink y ZY 6 -- Z’ cosh ~ ZY'T on 
page 50 of the paper where Z’ is the total impedance of the 
machinery. This value varies with the load, being large at light 
loads when considerable machinery is taken off the line and 
reaching a minimum when all the machinery of the system is in 
service. Does it not mean that the line would have to be 
operated at different frequencies to take care of variations in Z’? 
With the load decreasing Z’ will be increasing, calling for a 
shorter line or a lower frequency. Thus the prime movers of 
the generating station will have to be provided with speed con- 
trol and the whole system will be operating at a variable fre- 
quency. The author suggests that the line length could be 
controlled by introducing more inductance in series, preferably, 
with static condensers across the line. This, of course, would 
enable us to fix the frequency of the system. It would be of 
interest to know how this could be accomplished in actual 
operation. 

2. A statement on page 52 is open to objection. ‘‘Transient 
synchronous stability usually is investigated only after line and 
armature transients have died out.’’ The step-by-step, torque- 
angle, and yoltage methods of studying transient stability do 
not wait for the line and armature transients to die out. 
After transients die out there is no ‘‘transient”’ stability problem; 
it becomes a steady state solution. 

Edith Clarke: Mr. Skilling has pointed out that a line of 
wavelength slightly over one-half wave (terminal machine 
impedances included) has good operating characteristics and 
power may be transmitted with stability from a synchronous 
generator at one end to a synchronous motor at the other, while 
for the line slightly under one-half wavelength no synchronous 
power can be transmitted. 

The same conclusion will be reached by comparing the angles 
of the general circuit constants A, and B,, for lines (plus termi- 
nal equipment) of different wavelengths. 
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With constant excitations on generator and motor, maximum 
power will be delivered to the motor when the angle between the 
internal voltages of generator and motor is equal to the im- 
pedance angle of the general circuit constant Bp. With H, as 
reference vector the angle of H, must not, therefore, exceed the 
angle of B, for the machines to remain in synchronism under 
steady state. 

From vector diagrams of the equation 

Br Ei Al oh taelig Big 
it may be seen that when the angle of the constant A, is smaller 
than that of the constant B, the power factor at the receiving end 
may be lagging, unity, or leading; but when the angle of A, is 
larger than the angle of B, the receiver power factor can only 
be lagging. 

The angle of A is less than the angle of B for lines under one- 
quarter of a wavelength and also for lines between one-half and 
three-quarters of a wavelength so that for such lines synehronous 
power may be delivered at any reasonable power factor; while for 
lines between one-quarter and one-half of a wavelength and 
between three-quarters and a full wavelength the angle of A is 
larger than that of B and synchronous power, if delivered at all, 
ean only be at a lagging power factor. For lines exactly one- 
quarter or one-half of a wavelength, the angles of.A and B are 
equal when resistance is neglected and approximately equal when 
resistance is included. They are roughly 90 deg. and 180 deg. 
respectively. For these cases synchronous power may be 
delivered at unity or lagging power factor but not at leading. 

Since the maximum power which ean be transmitted at given 
terminal voltages will vary inversely as the magnitude of the 
constant B,, the best operating conditions will be obtained with a 
frequency such that the magnitude of B, is near its minimum 
value and the angle of B, is greater than that of A, by approxi- 
mately 90 deg. 

H. H. Skilling: Mr. Kroneberg has apparently not understood 
that ‘‘line transients” in the paragraph to which he refers are 
electrical phenomena. The mechanical oscillations of terminal 
machinery which are dealt with in “‘step-by-step, torque-angle, 
and voltage methods of studying stability” are slow compared to 
electrical transients. These methods generally assume the elec- 
tric circuits to be continually in the steady state. After trans- 
mission line transients die out, the ‘‘transient’’ stability problem 
has in reality just begun. 

Nor does he appreciate that maximum stability is needed only 
when the load to be supplied is large, and that therefore the 
optimum value of B, need be reached only when all terminal 
machinery is in service. 

It is true that large static condensers on high-voltage lines 
offer serious practical problems. 
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Synopsis—Radiotelephone service between the United States 
and Europe was established January 7, 1927 with one circuit and 
with service to limited areas. Facilities and service have been 
greatly improved and extended and rates have been reduced. Present 
scope of service is described and reference made to consistent in- 
creases in transatlantic telephone messages handled. This increase 
indicates that this service is being found of increasing value by 
the public. 

Extent of ship-to-shore radiotelephone service from the United 
States is outlined. Arrangements for service to Buenos Aires and 
Rio de Janeiro are described, these differing from arrangements used 


phone service was first established between New 

York and London, there have been continuous and 
important developments in the application of radio- 
telephony for intercontinental communications as well 
as a generally sustained increase in the public demand 
for this class of service. Today the Bell System, in 
cooperation with the British Post Office, has four radio- 
telephone circuits to London, the original long-wave 
channel supplemented by three short-wave channels. 
By means of these, telephones in the United States, 
Canada, Cuba, and Mexico may be connected to 
practically any telephone in Europe, the city of Ceuta 
in Northern Africa, part of Australia, and Java in the 
Dutch East Indies. Service to all European points 
and Ceuta in Northern Africa is furnished through 
London where connection is made to the submarine 
cables and land line facilities making up the European 
telephone network. As yet Russia, Greece, Turkey, 
and a few of the Balkan States cannot be reached from 
the United States over this network. Service to 
Australia is given by switching the New York-London 
radio circuits at the latter point to a short-wave radio- 
telephone channel between London and Sydney, 
Australia. Service to Java is furnished through London 
to Amsterdam or Berlin, where connection is made to 
a short-wave radio channel operated between those 
points and Java by the Dutch Telephone Adminis- 
tration. 


Non January 7, 1927, when commercial radiotele- 


Transatlantic telephone messages between the United 


States and Europe during the first six months of 1931 
were about 20 per cent greater than for the correspond- 
ing period for 1980. While the basic rate, which is the 
rate from New York to London for a three minute 
period, was reduced from $45 to $30 on May 11, 1980, 
the increase in traffic is considered very satisfactory in 
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for service to Europe in that operation to these two cities was planned 
on a part time basis. Proposed short-wave system for operation 
with Bermuda and proposed new long-wave system to supplement 
existing facilities to Hurope are mentioned. 

A description of the new radiotelephone transmitting and 
receiving stations now being erected at Dixon and Point Reyes, 
Calif., respectively, is given. These stations will be connected 
to a terminal office at San Francisco and the system used for the 
establishment of radiotelephone service to the Hawaiian Islands 


and later on, to other transpacific points as may be required. 
* * * * * 


view of the general business conditions which have 
existed on both sides of the Atlantic, and is an indication 
that this service continues to be of increasing usefulness 
to the public. 

In December, 1929, a ship-to-shore short-wave radio- 
telephone service was established on a commercial 
basis through New York with the S. S. Leviathan. 
Since that date service has been opened with five more 
of the larger liners plying between North America and 
various European ports. The additional ships are the 
Olympic, Homeric, Majestic, the Belgenland, and the 
Empress of Britain. While this service is normally 
furnished, at present, with ships only in the Atlantic 
area, contacts were made last winter with the Belgen- 
land during a large part of its cruise around the 


world and with the Homeric’ then cruising in the 


Mediterranean. 

The Bell System, cooperating with the International 
Telephone and Telegraph System, established on April 
4, 1930 a short-wave radiotelephone channel between 
New York and Buenos Aires. Through Buenos Aires 
service may be given by land line connections not only 


to other parts of the Argentine Republic, but also to: 


the great majority of telephones in Uruguay and Chile. 

Construction has been completed recently to the end 
that the South American Service may be enlarged to 
include Rio de Janeiro, Brazil. The plans for the 
radiotelephone system to work with Rio de Janeiro 
are on a somewhat different basis than for the services 
established heretofore from the United States and it 
may be of interest to outline briefly the arrangements 
made. The previously established services contem- 
plated the full-time use of one or more complete radio- 
telephone circuits whereas service to Rio de Janeiro is 
planned on the basis of sharing facilities already pro- 
vided for service to Buenos Aires. In the United States 
the transmitter operating with Buenos Aires has been 
provided with an additional antenna directed toward 
Rio de Janeiro and at the receiving station there has 
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been installed a complete new receiving unit adjusted to 
receive from Rio de Janeiro. At the transmitting 
station switches are provided for’ rapidly changing 
the transmitter from one antenna to the other while 
at the receiving station the two receiving units make 
it possible for the New York control office to keep in 
constant touch with both distant transmitters. This 
arrangement allows for the maximum use of equipment 
and facilities and seems to offer a promising means of 
providing for the extension of radiotelephone service 
to a number of points to which it may be desirable to 
furnish service but where the cost of apparatus for 
full-time channels cannot at the time be justified. 
This arrangement also offers an opportunity to reduce 
the number of frequency assignments required as a 
number of points may be served from one transmitter 
using the same transmitting frequencies where the 
conditions permit. It is expected that this general 
method will find considerable application in economi- 
cally extending existing services as by merely providing 
the necessary antennas and receivers, one set of trans- 


Fig. 


1—INTERNATIONAL RaDIOTELEPHONE CONNECTIONS OF 
THE Brevi System, Aueust 1931 


mitting equipment, which is the expensive item, can be 
used for service to a number of points to the extent 
that the traffic loads permit. 

The radiotelephone services previously referred to 
~ and which have been established to date now make it 
possible for telephone users in this country to be con- 
nected to more than 91 per cent of the world’s tele- 
phones. From the map shown in Fig. 1 it may be seen 
that these existing facilities provide the ground work 
for furnishing telephone service from North America 
to the east and south. Preliminary studies have been 
made of the possibilities, probable demand, and usage 
of telephone service from the United States to all parts 
of the world. A world-wide service of this kind is 
something that is extremely interesting to contemplate 
but it is also obvious that while considerable progress 
has been made in establishing such a service, an ob- 
jective of this magnitude must be approached with due 
consideration to such factors as equipment and antenna 
development, costs, probable usage, differences in time 
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and languages, and availability of satisfactory wave- 
lengths. 

In line with the desired objective of extending this 
service where practicable plans have recently been 
completed and the construction work is now in progress 
to establish in conjunction with the Imperial and Inter- 
national -Communications, Limited, a short-wave radio- 
telephone channel between New York and Hamilton, 
Bermuda, there to connect with the land line facilities 
serving the Bermuda Islands. This radio circuit will,- 
in general, closely resemble the other short-wave radio 
circuits previously established. The transmitter will 
be considerably smaller and of lower power since the 
distance to be covered is only about 700 miles compared. 
to about 3,400 miles between New York and London, 
4,800 miles between New York and Rio de Janeiro and 
5,300 miles between New York and Buenos Aires. 
It is expected that the Bermuda system will be ready 
for operation late this year. 

During the past year and a half the Bell System has 
acquired right-of-way and has constructed two test 
antennas at Bradley, Maine, near Bangor. These test 
antennas were constructed for experimental purposes 
looking forward to supplementing the existing New 
York-London long-wave circuit now working at 60 
kilocycles with an additional long-wave circuit operating 
at 68 kilocycles. These antennas have proven effective 
at Bradley and plans are now in progress for the con- 
struction of a new long-wave transmitting station at 
that point. The receiving station for the additional 
long-wave circuit is planned for Houlton, Maine, the 
receiving point for the existing long-wave circuit. 
Owing to the magnitude of this undertaking it is ex- 
pected that about three years will be required to con- 
struct the new long-wave system. 

In the Pacific area the points which might logically 
in the future be furnished direct radiotelephone con- 
nection with the United States include the Hawaiian 
and Phillippine Islands, Japan, China, Australia, New 
Zealand, and Alaska. A _ transpacific short-wave 
radiotelephone system is now under construction, 
joint arrangements having been made with the Mutual 
Telephone Company of Hawaii to set up the initial cir- 
cuit from California to Hawaii. It is a purpose of this 
paper to furnish some information about this system 
and particularly the arrangements at the California 
terminal. 

The establishment of an overseas radiotelephone 
system on the Pacific Coast required, first of all, the 
selection of station sites for transmitting, receiving, and 
terminal control stations. A general survey of the west 


coast of the United States was, therefore, undertaken 


during the early part of 1980. This survey covered an 
area extending from a point north of Seattle to a point 
south of Los Angeles and inland for approximately 100 
miles and included in addition to detailed studies of 
contour and road maps, a physical inspection of much 
of the area involved. It may be of interest to enumer- 
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ate here a few of the requirements for transmitting and 
receiving station sites which were given consideration 
in this survey. It will be noted from these require- 
ments as well as from the descriptions of buildings and 
equipment which follow that the establishment of a 
permanent short-wave radiotelephone system planned 
to furnish commercial telephone service to a number 
of points is an undertaking of appreciable magnitude 
and cost. 

The transmitting and receiving station sites for 
commercial short-wave radiotelephony should prefer- 
ably be separated by at least 25 miles and by not more 
than 100 miles, and be so situated that no directional 
receiving antenna need look toward a transmitter and 
no directional transmitting antenna need look toward 
a receiver. Furthermore the transmitting station 
should not be too close to a receiving station of another 
agency, nor the receiving station too near a transmitting 
station although transmitters should operate satis- 
factorily near other transmitters and receivers near 
other receivers. This requirement necessitated at the 
outset, consideration of the locations of existing radio 
transmitting and receiving stations on the west coast 
of the United States so that those areas could be avoided 
which might be expected to be subject to interference 
from existing stations as well as the areas which would 
be most susceptible to outside interference. 

For a transmitting station site about one square 
mile of land was desirable to allow for possible future 
developments. The land should be relatively clear 
and flat as excessive unevenness will involve difficult 
and more expensive antenna construction. Except in 
special cases, low or swampy land is undesirable for 
radio station purposes. The terrain adjacent to the 
site in the direction of transmission should be clear 
and reasonably flat for one or two miles. Distant 
mountain ranges in front of transmitting antennas 
should not subtend an angle of more than two or three 
degrees. In addition a desirable transmitting station 
site should be reasonably near telephone connecting 
facilities, reliable power supply, good railroad and 
shipping facilities and reached by good roads. 

For a receiving station site the primary considera- 
tion was freedom from outside sources of interference. 
Experience has shown that considerable interference to 
short-wave reception may be caused by automobile, 
airplane, and motor boat ignition systems, industrial 
electrical machinery, and power lines. These may best 
be guarded against by the selection of an isolated site. 
The receiving site should consist of approximately a 
square mile and be at least a mile from well traveled 
roads, electric railroads, and commercial establish- 
ments in the direction of reception. The land itself 
should meet about the same requirements as those given 
for the transmitting station. A receiving station 
site should, of course, be accessible from the standpoint 
of telephone facilities. It is also desirable to have good 
roads, railroad and shipping facilities and power within 
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easy reach. These items are, however, in general, 
secondary to interference considerations. 

From the above mentioned survey there resulted the 
tentative selection of several tracts of land, the physical 
characteristics of which fulfilled the general require- 
ments. The next step was to obtain at each of these 
locations, radio field test data which would indicate 
their comparative desirability from a radio standpoint. 
These data indicated the desirability of a site in the 
Sacramento Valley near Dixon and about 20 miles 
southwest of Sacramento for a transmitting station 
and a site at Point Reyes, on the California Coast about 
35 miles north of San Francisco for a receiving station. 
Tracts consisting of approximately 520 acres at Point 
Reyes and approximately 640 acres at Dixon were 
subsequently purchased. 

The receiving station site has about a mile of ocean 
water front, with terrain of reasonably satisfactory 
contours and has outstanding advantages from the 
standpoint of isolation and radio reception. Adequate 
power supply is available within a half mile of the 
property and telephone connecting facilities are being 
made available by a small amount of construction. 

The transmitting station site is about four miles 
southeast of Dixon. The land is very flat, having a 
deviation of less than 10 feet in elevation over the entire 
property. The surrounding. country is also essentially 
flat. This site is so located that power is supplied 
directly from a 44-kv. substation in Dixon which in 
turn is tied in with the Vaca-Dixon concentration 
station about eight miles distant. For telephone con- 
necting facilities the site is also well located as the 
San Francisco-Sacramento telephone cable crosses the 
property. 

With the selection and acquisition of transmitting 
and receiving station sites only the terminal control 
point remained to be fixed. San Francisco was selected 
as the most logical location since it is a large telephone 
center and occupies a strategic position in the nation- 
wide telephone network. 

At the transmitting station the main building, Fig. 
2, is located near the center of the property and is a 
two story fireproof structure of stucco on reinforced 
concrete and brick, approximately 40 by 60 ft. It is 
designed initially to house two transmitters with pro- 
vision for extension as desired. There is a partial 
basement for heating facilities and a penthouse on the 
roof which contains the blowers and radiating system 
for use in cooling the water for the high power water- 
cooled tubes. On the ground floor are located the 
high-voltage transformer vaults, power entrance com- 
partments, rotating machines associated with the trans- 
mitters, and battery and battery charging apparatus 
to furnish power supply for the voice-frequency equip- 
ment. Initially only one transmitter is being installed. 
This is located on the second floor as is also the line 
terminal or voice-frequency equipment for connecting 
the wire lines to the transmitter. 
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The transmitter is of the same general type as those 
located at Lawrenceville, N. J., and used in the trans- 
atlantic service. The transmitter proper consists of a 
number of individually and carefully shielded units 
mounted side-by-side. These units include a two-stage 
audio frequency amplifier, a Piezo electric quartz 
erystal oscillator with associated amplifier and har- 
monic generator stages, a modulating amplifier, and 


Fig. 2—TRANSMITTER BuitpIne at Drxon, CALIFORNIA 


a two-stage radio frequency power amplifier. The 
output of the two-stage audio frequency amplifier is 
used to modulate the plate voltage of the modulating 
amplifier which uses two 250-watt tubes in a push-pull 
circuit. The carrier supply for this modulating ampli- 
fier is obtained from the harmonic amplifier stages 
which are driven by the crystal oscillator located in a 
temperature controlled oven in order to insure the 
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maintenance of the carrier frequency within narrow 
limits. The output of the modulating amplifier is 
applied to the grids of the two-stage radio frequency 
power amplifier. The first stage of this amplifier con- 
tains two 10-kw. water-cooled tubes and the second 
stage contains six. The tubes are arranged in push-pull 
circuits and the entire system is carefully balanced to 
ground. The unmodulated carrier output power of the 
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last stage amplifier is about 15 kw. which under condi- 
tions for 100 per cent modulation is equivalent to 60 
kw. at the peak of the modulation cycle. 

The power control board consists of nine panels and 
is equipped with the necessary meters, switches, and 
relays to remotely control and distribute all power to the 
transmitter. 

Outside of the transmitter building is a power sub- 
station which transforms the incoming power at 11 
kv. to 2,300 volts, the voltage supplied to the trans- 
mitter rectifier transformers. This power substation 
has sufficient capacity to care for two transmitters with 
an average power consumption per transmitter, in- 


Fig. 


4— ANTENNA TOWERS AND CurTAINS AT LAWRENCEVILLE, 
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Three similar antenna systems are used with three radiotelephone channels 
to England 


cluding miscellaneous requirements, in the order of 150 
kw. with a power factor of about 85 per cent. In the 
power substation are also located small transformer 
banks for lighting and miscellaneous power as well as 
circuit breakers and disconnect switches so that the 
building and transmitter power supply may be cut off 
if required. 

From the transmitter the radio frequency energy is 
fed over an open-wire transmission line to the trans- 
mitting antenna located about 800 ft. south of the 
building. The initial transmitting antenna for the 
Hawaiian service is of the horizontal double-V type, 
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Fig. 3, recently developed by the Bell Telephone 
Laboratories.° This. type of antenna which was first 
installed for use commercially for transmitting purposes 
between New York and Rio de Janeiro is a diamond 
shaped structure consisting of one or more horizontal 
elements supported on wooden poles. The longer axis 
of the diamond is pointed toward the desired receiving 
station. ‘The antenna is driven from the rear apex of 
the diamond and when suitably terminated at the 
opposite end has a good unidirectional characteristic. 
This antenna has another very desirable characteristic 
in that it is effective over a range of frequencies within 
certain limits. For transmitting to Hawaii the initial 
antenna is designed to handle two frequencies in the 
vicinity of 7 and 14 megacycles. The gain of this 
antenna while varying somewhat with the frequency 
being transmitted ranges from eight to 16 decibels as 
compared to a single element half wave vertical antenna. 
This is comparable to the results obtained from the 
antennas at Lawrenceville, a picture of which is shown 
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Point Reyes, CALIFORNIA 


in Fig. 4. When, however, it is considered that each — 


antenna at Lawrenceville occupies two spans between 
the 185-ft. steel towers shown in the picture, and that 
each is effective for only the one frequency for which 
it was designed it may readily be understood that the 
horizontal double-V antenna which is of very simple 
construction is much more economical. The develop- 
ment of this relatively inexpensive antenna is of particu- 
lar significance at this time because if radiotelephone 
service is to be opened to points which do not justify 
the provision of individual channels the number of 
antennas for use with existing equipment may be 
expected to increase materially in the next few years. 

At the Point Reyes receiving station, Fig. 5, the build- 
ing is a one-story semi-fireproof structure of reinforced 
concrete approximately 26 by 40 ft. so designed as to be 
capable of housing several radio receivers and their 
associated power and voice frequency equipment 
although only one receiver is being installed initially. 
The receiver building is located near the center of the 
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property and about 2,000 ft. from the road. The 
receiver which is made up of a number of individually 
shielded units, mounted on four panels and assembled 
on four self-supporting racks, employs two stages of 
screened-grid radio-frequency amplification, a first 
detector, an intermediate frequency amplifier with 
input and output filters, a second detector and an audio 
frequency amplifier. From the output of the inter- 
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mediate frequency amplifier a part of the received 
energy is diverted, put through a special two-stage 
intermediate frequency amplifier, rectified and supplied 
to the automatic gain control which in turn tends to 
keep the receiver output volume constant by controlling 
the bias potential on the radio frequency amplifier and 
the first detector grid circuits. In this receiver the first 
two panels which contain the equipment up to and 
including the first stage of intermediate frequency 
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Fundamental arrangement of voice-operated devices 
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amplification are duplicates. By means of a switch 
the equipment in either of the first two panels may be 
connected to the rest of the receiver. This arrangement 
makes it possible to switch from one frequency to 
another with only slight tuning adjustments and, there- 
fore, with the minimum loss of time. 

Filament and plate battery is supplied to the receiver 
from small storage batteries provided in duplicate and 
so arranged that one set is on charge while the other is 
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supplying the receiver. Automatic regulation is pro- 
vided in the discharge leads which holds the 24-volt 
filament battery voltage constant within plus or minus 
one-quarter volt and the 180-volt plate battery constant 
within plus or minus five volts. 

The receiving antenna is also of the horizontal 
double-V type similar in construction to the trans- 
mitting antenna previously described. It is located 
about 500 feet northeast of the receiving building and 
is designed to receive two frequencies 16,195 kilocycles 
and 7,535 kilocycles. This type of receiving antenna is 
generally unidirectional and by virtue of this charac- 
teristic has a gain in the desired direction of reception 
about equivalent to the transmitting gain of the cor- 
responding type of transmitting antenna. The receiving 
antenna is connected to the receiver by means of a 
concentric conductor transmission line run under- 
ground at a depth of about 18in. This type of receiving 
transmission line is used because of its low transmission 
loss at high frequencies and because of the sheilding 
effect of the outer pipe conductor which is grounded. 
Fig. 6 shows an illustration of a short section of this 
type of transmission line. The outer pipe is 1% in. 
outside diameter copper tubing and the inner pipe is 
3% in. outside diameter copper tubing. The insulators 
or spacers are of Isolantite. 

The terminal control station at San Francisco is 
located on the first floor of the Pacific Telephone and 
Telegraph Company’s Grant Avenue toll building. To 
this location are brought the outgoing radiotelephone 
circuits to Dixon, the incoming radiotelephone circuits 
from Point Reyes, and the various telephone and tele- 
graph order wires required for interstation communica- 
tion. The equipment at the San Francisco terminal 
control station consists of a monitoring and testing 
position with volume control apparatus, vodas, delay, 
and privacy equipments with their associated testing 
and power supply panels. The vodas equipment 
(voice-operated device anti-sing) briefly described 
consists of voice-operated relays which short circuit the 
transmitting line to the radio transmitter while the 
distant speaker is talking and short circuit the receiving 
line from the radio receiver while the local speaker is 
talking. This arrangement prevents interaction of the 
transmitting and receiving sides of the radio circuit. 
The delay equipment is designed to store up the in- 
coming or outgoing voice currents for a fraction of a 
second until the vodas relay in the side of the circuit 
involved has had time to function and thus arrange 
the radio circuit for one way operation. 

From the terminal control room the radio circuit is 
carried to a special position at the San Francisco toll 
switchboard where the traffic operator handling Hawaiian 
service is stationed. This operator has available before 
her a multiple of the toll circuits terminating at San 
Francisco and here connections may be made from the 
radio circuit to land line circuits extending to all parts 
of the country. 
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At the Hawaiian end the radio equipment of the 
initial circuit is to be furnished by the Radio Corpora- 
tion of America and the general layout of the equip- 
ment is not essentially different from that at the United 
Statesend. Although it is not the purpose of this paper 
to describe this terminal, the transmitting station is 
located near Kahuku Point on the island of Oahu about 
38 miles from Honolulu. The receiving station is 
located near Koko Head on the same island and about 
12 miles from Honolulu at which point the terminal 
equipment is located. 


It is expected that commercial service to Hawaii will 
be opened early in 1982. The establishment of this 
service will offer to the people of Hawaii telephone 
connection for the first time on a regular basis to the 
North American continent. In addition the establish- 
ment of the transmitting and receiving stations on the 
west coast will afford opportunities to make tests and 
obtain data leading to still further extension of radio- 
telephone communication to other transpacific points 
as may be decided upon in the future. 
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Discussion 


F. E. Terman: The double-V non-resonant transmitting 
antennas described in this paper represent an outstanding 
development in radio communication in that they provide an 
inexpensive highly directional antenna that can be used over a 
wide range of frequencies without readjustment. They also 
permit the same antenna to be used by different transmitters 
operating simultaneously on different frequencies. 

There is one feature of these antennas in which I am rather in- 
terested. Being horizontally polarized, the horizontal double-V 
antenna is not capable of concentrating the radiation along the 
horizontal, which is generally considered to be desirable for long 
distance short-wave communication. I would like to know more 
about the effect which the angle of radiation has on the ability of 
the short waves to reach a distant receiving point. In particu- 
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lar, I wonder to what extent the effectiveness of the transmitter 
is reduced by concentrating the maximum radiation at angles in 
the order of 10 to 20 degrees instead of along the horizontal as is 
done by stacking broadside arrays as in the Lawrenceville 
antennas. 

H. N. Kalb: 
location at Dixon? 

L. E. Reukema: Is progress being made in the reduction 
of the effects of static on long-wave radio telephone circuits, and 
can not improvement be made in short-wave transmission by 
suppressing the carrier? 

Paul Ost: Why are the short-wave transmission charac- 
teristics from the United States to South America better than 
appears to be the case between the United States and Europe. 

George T. Royden: The question has been raised of relaying 
over two approximately north and south circuits to avoid the 
difficulties experienced with an east-west circuit such as over the 
north Atlantic. The International System has such a cireuit in 
operation handling telegraph business between New York and 
Madrid via Buenos Aires, with greater reliability than equiva- 
lent circuits over the north Atlantic. ; 

The technical staff of the Bell System deserves much credit for 
the manner in which it overcame the many technical difficulties 
of providing commercially satisfactory transoceanic radiotele- 
phone service. For instance, between San Francisco and Hono- 
lulu, the amplitude of the received signal frequently varies over 
arange twice as great as that perceived by the humanear. This 
is taken care of by automatic volume control and automatic 
switching of the circuit to one of the duplicate receiver and 
antenna systems which may at that moment be receiving the 
greater energy. 

Radio engineers who have followed the cost of long range 
antenna systems during the past few decades, note with con- 
siderable interest the downward trend illustrated by high steel 
structures during the war period; a group of steel towers several 
hundred feet high just following the war period, a series of 
several antenna arrays on high wood poles during the past five 
years and now the simple double-V antenna supported by com- 
mon wood poles only 70 ft. high and providing efficient operation 
over a wide range of frequencies. This development will permit 
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the extension of communication facilities to many localities 
which could not be economically reached by other means. 

Mr. Pilliod: The two horizontally polarized waves to be 
used at Dixon will be transmitted with an angle of approximately 
15 and 30 deg. to the horizontal and will be determined largely 
by the distance to the Hawaiian station, and the wavelengths to 
be used. The conclusion that has been reached by the Bell 
System Engineers as to advantages to be gained by so-called 
under-modulation is that considering the service as a whole there 
is nothing to be gained by deliberate under-modulation and it 
has been concluded that the greatest advantage would be ob- 
tained by modulating the carrier wave as near 100 per cent as 
practicable. 

Routing a short-wave radio cireuit from New York to Europe 
via a point south from New York has been considered but taking 
all things into consideration including cost, the preferable ar- 
rangement so far has been to handle the service direct. Relays 
are of course now used in handling service from the United States 
to Australia and Java but this method introduces considerable 
complexity and some real difficulties. 

The factors determining the location of the Dixon station are 
considered to be fairly well outlined in the text of the complete 
paper but, in general, locations of this kind are determined by 
economic considerations after the technical features have been 
satisfied. 

Improvements have been made and others are contemplated 
to reduce the effect of static on long-wave systems. These are 
directed largely toward transmitting and receiving antenna 
designs, and it is hoped that the new long-wave system mentioned 
in the paper will have incorporated in it some of these improye- 
ments. While there would be advantages in some directions in 
suppressing the carrier in short-wave systems there are some 
disadvantages and so far, the Bell System practise and that of 
the other companies with which it cooperates, has been to trans- 
mit the carrier wave in the services operated from the United 
States. 

As to north-and south short-wave radio transmission being 
better than east and west across the north Atlantic, the times of 
variable results in the latter case are associated closely with times 
of magnetic disturbances and manifestations of aurora. 
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Synopsis.—In 1926 it became apparent that increasing demands 
for telephone service on the Pacific Coast would warrant the comple- 
tion of a telephone toll cable between San Francisco and Los Angeles 
before the end of 1930. This cable, which is the longest west of the 
Mississippi and which with buildings and equipment represents 
an investment of approximately $10,000,000 is strategically located 
for giving service between points on the Pacific Coast and to points 
on the North American Continent and the Orient. 

It was completed and placed in service September 2, 1930. It 
provides approximately 275 telephone circuits or about the same 
number as would three of the latest type of sixty-wire, six-arm open- 
wire toll leads fully equipped with three-channel carrier telephone 


D. F. SMITH} 


Associate, A. I. E. E. 


and 


systems, and, in addition, certain broadcast and telegraph facilities. 
Two hundred and seventy miles of the cable is in underground 
construction, practically all being conduit which was placed specifi- 
cally for this cable and other similar cables which it is expected will 
follow. Equipment associated with the cable is placed in eleven 
buildings along the route, five of which were newly constructed for 
this purpose. 

This paper describes the fundamental data used and the methods 
followed in engineering and locating the cable, the problems met in 
constructing outside plant and buildings, which were unique in the 
rugged and isolated section across the Tehachapi Mountains, and 
certain items of interest in regard to its operation and maintenance. 


INTRODUCTION 


O COMPREHEND the extensions of long distance 
plant of The Pacific Telephone and Telegraph 
Company and Southern California Telephone 

Company during the past few years, it is necessary for 
one to have a brief knowledge of the character of the 
country served by these Companies. 

In their territory, there are four major centers of 
population, namely, the triangle formed by Portland, 
Seattle, and Spokane on the north, the San Francisco 
Bay district in the center, the Los Angeles-San Diego 
Area on the south and the Sacramento-San Joaquin 
Valley Area. In addition to the above centers, there 
is a large number of mining and lumbering localities, 
some active and others entirely or partially abandoned, 
where there are or have been relatively heavy demands 
for service. 

This geographical situation has led to the provision 
of “backbone” plant connecting the principal centers 
of population and the construction of a network of dis- 
tributing plant to tributary communities. Prior to 
1920 all of the plant had been provided over a period 
of slow growth and on a conservative basis, but begin- 
ning about 1920, the Pacific Coast entered a cycle of 
‘greater building activity and accompanying this were 
the related telephone demands which made it neces- 
sary to plan for the provision of a number of short toll 
cables in the vicinity of Los Angeles, namely, to Long 
Beach, Anaheim and Santa Monica, between San 
Francisco and San Jose in the central area, and between 
Seattle and Tacoma in the north. 


In 1926 it became apparent that it would be neces- 
sary to further consider major toll additions for the 
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main north and south route between Seattle and Los 
Angeles. Up to this time all relief on the main route 
had been obtained by the addition of open wire and by 
the superposition of carrier! telephone systems (an 
arrangement whereby in certain instances three addi- 
tional talking circuits can be made available per pair 
of wires by the installation of special terminal equip- 
ment) where they could be employed. 

Beginning in 1926, an acceptable program was de- 
veloped for the Seattle to San Francisco route on the 
basis of open-wire and carrier additions, this plan being 
warranted because of the distances involved and the 
relatively small growth. Between San Francisco and 
Los Angeles, however, the problem was different because 
of the greater development, and to explain the decisions 
covering this route, it will be necessary to discuss the 
plant and facility situation existing at the time major 
relief measures were considered. 


SAN FRANCISCO-LOS ANGELES OPEN WIRE ROUTES 


There were two main open-wire routes (see Fig. 1) 
between San Francisco and Los Angeles; one along the 
Coast through San Jose, San Luis Obispo and Santa 
Barbara known as the ‘‘Coast Route,’’ and one via 
Gilroy and the San Joaquin Valley through Fresno and 
Bakersfield called the “Inland Route.’ With the 
exception of two phantom groups (8 wires) on the Coast 
Route which were of 165 mil (No. 8 BWG) copper wire, 
all wire on both routes was 104 mil (No. 12 NBS) 
copper. 

The Coast Route consisted of a 12-in. spaced phan- 
tomed? lead (an arrangement whereby two “side” 
circuits and a “‘phantom’’ circuit are obtained from 
each group of four wires) bearing three through arms 
and transposed for carrier! operation. In general, the 
side and phantom circuits were used for the shorter 
haul circuits such as San Luis Obispo-Santa Barbara, 
while the longer haul circuits were handled over eight 
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type ‘‘C” carrier telephone systems providing a total of 
twenty-four channels suitable for longer circuits such as 
Los Angeles to San Francisco or Seattle. In addition 
to these regular services, two copper circuits were set 
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aside for connecting radio broadcasting stations with 
studios originating programs, and one for picture 
transmission.* 

The Inland Route via San Jose, Gilroy, Fresno and 
Bakersfield to Los Angeles carried two phantomed 
crossarms suitable for carrier and short haul service 
between San Jose and Fresno and a minimum of three 
arms from thé latter point to Los Angeles. Seven type 
“C” carrier telephone systems, each providing three 
talking circuits, were operated between San Jose and 
Los Angeles over this route providing 21 channels for 
the longer circuits. In addition to these, carrier tele- 
phone systems were in use between San Jose and Fresno 
and between Fresno and Los Angeles for providing 
shorter haul requirements. One arm of open wire from 
Sacramento connected with the main inland lead at 
Fresno and provided for the superposition of two Sacra- 
mento-Los Angeles carrier systems furnishing four Salt 
Lake City-Los Angeles and two Sacramento-Los 
Angeles circuits. Two program circuits between 
San Francisco and Los Angeles were routed over the 
Inland Route, as well as an emergency assignment for 
the picture circuit. 

In addition to these telephone arrangements, a certain 
amount of telegraph operated simultaneously over these 
leads, providing private-wire telegraph services to 
brokers, press associations, and others. The backbone 
telegraph circuits were supplied by four carrier tele- 
graph systems (two over the Inland Route and two over 
the Coast Route) each of which provided ten 60-speed 
(60 words per minute) telegraph circuits suitable for 
teletypewriter operation between Oakland and Los 
Angeles. Also a small number of telegraph circuits, 
used principally for teletypewriter at a speed of 40 
words per minute and for manual telegraph, were 
superposed on the two leads by “compositing,” an 
arrangement enabling a telegraph circuit to be obtained 
from each of the two wires of a telephone circuit by the 
addition of special equipment. 

The annual growth in telephone circuits, as estimated 
in 1927 was on the order of ten through or long haul 
circuits and varying numbers of shorter circuits depend- 
ing on the location. This growth was such that it was 
impossible, without large expenditures and unreason- 
ably large carrying charges to take care of the require- 
ments by additions to the open-wire leads beyond the 
end of 1930. 


RELIEF MEASURES 


Since the relief required involved appreciable ex- 
penditures, a number of suitable plans for providing it 
was developed. These included: 

1. String additional open wire, retaining phantom 
circuits and superpose additional carrier telephone 
systems. 

2. Change one or both of the present leads to a non- 
phantomed? basis, providing for carrier operation on all 
arms. Under such a plan, the phantoms on all pairs 
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except the pole pairs would be sacrificed and the spacing 
between the wires of each pair would be shortened, but 
the lead would be so transposed that carrier could be 
superposed on all non-pole pairs. As an example, a 40- 
wire lead provides 30 voice-frequency and 24 carrier 
circuits making a total of 54 circuits where phantoms 
are retained, whereas it provides 70 on a non-phantom 
basis with maximum carrier application. 

3. Construct a new non-phantomed open-wire lead. 

4, Place a toll cable. 

The first two plans were discarded because of the 
fairly high rate of circuit growth and the relatively small 
amount of relief obtained for the expenditure required. 
The third plan appeared more attractive but here again 
the growth was of such magnitude that after all carrying 
charges were considered, the plan was unattractive and 
accordingly discarded. As a final. measure, the pro- 
vision of relief by cable was considered and this plan was 
ultimately adopted. 

A cable for a certain period furnishes a surplus of 
facilities, and accordingly it affords a more flexible 
arrangement for handling unanticipated circuit de- 
mands and as the circuits are not subject to trouble 
from line swings and other interferences affecting 
open-wire circuits, a more reliable service results. In 
general, cable circuits are less subject to interference 
from power exposures and consequently are quieter 
than those in open wire, being comparable in this 
regard to carrier circuits. Also the concentration of 
facilities on one route makes it easier to avoid high- 
tension power exposures, economical to make larger 
underground extensions, and insures minimum mainte- 
nance expenses which are in general proportional to the 
mileage of supporting structure. Balanced against 
these advantages is the possibility in case of failure 
that a greater number of circuits may be out of service 
than is the case of open wire, but with modern mainte- 
nance methods, this is not considered to be a serious 
factor. 

In addition to caring for short- and long-haul voice- 
circuit demands, a cable will provide satisfactory cir- 

cuits for telegraph, radio program supply, and picture 
transmission. 

As a basis for the cable relief, studies were under- 
taken covering the telephone development along the 
desirable routes between San Francisco and Los 
Angeles, which included the Coast Route (4385 mi.); the 
Valley Route (412 mi.) by way of Oakland, Modesto, 
Fresno and Bakersfield; and a Combination Route 
(425 mi.) by way of San Jose, Gilroy, and Fresno, 
paralleling the Inland open-wire route. 

A portion of each route passes through highly culti- 
vated country and in each case high-voltage power 
line development is considerable. It is perfectly 
feasible to find routes where private right-of-way costs 
are reasonable and which are not subject to power 
interference but these routes are also well removed from 
the market for telephone service. Private right-of-way 
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costs in the vicinity of areas of. extensive telephone 
development are excessive and the occupancy of high- 
ways with aerial plant is undesirable due to power 
interference and possible maintenance costs arising 
from changes in highway alinement. There was little 
advantage from these standpoints in regard to any one 
of the proposed routes. 

It was found that, excluding the telephone stations 
in San Francisco and Los Angeles and the points 
immediately tributary to them, the telephone develop- 
ment. along the Valley Route was greater than that on 
the Coast Route or the Combination Route. In 
addition, along the Valley Route, toll requirements as 
well as station growth, were greater than for the other 
routes. 

Furthermore, there was a serious facility shortage 
between the San Francisco Bay area and Fresno which 
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required immediate relief. Between Fresno and Los 
Angeles the short haul circuit demands were not so 
pressing, but other factors such as highway widening 
necessitated major relocation projects. 

In view of these conditions and the fact that the 
shorter length of the Valley Route would effect a 
considerable saving, it was decided that the most 
advantageous relief plan would be to follow the Valley 
Route. 


ENGINEERING FUNDAMENTALS 


In the Bell System the cables standardized for toll 
projects, exclusive of submarine, are, in general, of 
paper insulated 16- and 19-gage conductors having a 
sheath composed of a lead-antimony alloy, and avail- 
able in a number of sizes and combinations of conduc- 
tors. Inthe case under discussion, circuit requirements 
were such that a “full size’ cable (2.6 in. external 
diameter) was warranted. Full size cables (Fig. 2) 
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weigh approximately 7.6 lb. per ft. and the sheath 
thickness is 0.125 in. Spirally wrapped paper insu- 
lation is first applied to each wire and then two wires 
are twisted together to form a pair. In turn, pairs 
are twisted together in groups of two to form “quads,” 
the unit dealt with when it is desired to use phantomed* 
operation which enables three-voice paths to be derived 
from two pairs. In order to decrease the attenuation 
or transmission loss, ‘“oading’’*** coils, contained in 
cast iron or welded steel cases are associated with each 
pair at regular intervals along the cable. These -load- 
ing coils consist of series inductances and, since tele- 
phone cable circuits aré highly capacitative, have the 
effect of improving the efficiency of the circuit for 
transmitting voice-frequency currents. 

The basic coil spacing adopted for this project was 
6,000-ft. or H spacing for the Oakland-Los Angeles 
section. In addition to the H spacing, B or 3,000-ft. 
spacing was desired for certain purposes and the loading 
was so laid out that alternate B points coincided with 
the H points. This arrangement was important since 
special loading manholes in the underground sections 
and special fixtures in the aerial sections of the cable 
must be constructed for the loading coil cases. For the 
submarine section under San Francisco Bay, it was nec- 
essary to adopt a special spacing of 12,000 ft. since sub- 
marine coils were impracticable in the depths considered 
and it was feasible to obtain this spacing by locating a 
loading point on Yerba Buena Island in San Francisco 
Bay. ‘The loading coil cases were fairly accurately 
located to meet the spacings given above. 

The improvement obtainable by the application of the 
“lumped”’ loading described above, cannot be extended 
indefinitely and practically the limit*’ is soon reached. 
Very exhaustive studies by Bell System engineers in 
which transmission improvement has been balanced 
against cost has led to the standardization of a very 
few types of loading. 

Three of these standard loading systems were selected 
for use on the Oakland-Los Angeles section of the cable. 
One (known as the H-44-25 loading system) is used for 
very long haul service and consists of 44 mh. coils on 
sides and 25 mh. coils on phantoms, these coils being 
placed on H or 6,000-ft. spacing. This loading is 
placed on 19-gage wire and the facilities so obtained are 
operated on a “‘four-wire’’ basis (7. e., separate paths for 
the two directions of transmission).*”? Having sepa- 
rate paths for transmitting in the two directions enables 
greater amplification to be employed at repeater offices 
and greater freedom from difficulties due to electrical re- 
flection or echoes’ results. However, with the longer 
four-wire circuits, it is still desirable to install equip- 
ment which eliminates the echo return path. These 
“echo suppressors’ are installed at Fresno which is 
approximately midway between San Francisco and 
Los Angeles. The next loading system, in order of 
decreasing excellence, consists of the same weight 
coils placed on the same spacing on 16-gage wire, the 
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actual loading differing only in slight adjustments for 
crosstalk. These facilities are used on a “two-wire” 
basis (7.e., the same path for the two directions of 
transmission). The third system of loading which has 
been used on either 16-gage or 19-gage wires provides 
circuits for relatively short haul only. This system of 
loading (known as the H-172-63) uses 172 and 63 mh. 
coils on the sides and phantoms, respectively, placed 
on 6,000-foot spacing. A fourth loading system 
(B-22) not yet in place is proposed for very high-grade 
service in transmitting programs toradiostations. This 
loading’ is placed on 16-gage pairs and consists of 22- 
milhenry coils placed at 3,000-ft. intervals. 

While loading decreases the attenuation of voice 
currents it is still necessary to amplify them at certain 
intervals on longer cable circuits. Amlpification is 
obtained by using vacuum tube amplifiers or “re- 
peaters’’”’ more or less regularly spaced along the cable. 
Due to the limits on the improvement obtainable by 
loading and the lower cost of smaller gage wires, it 
proves economical to place repeaters at about 50-mile 
intervals. There are three types of these repeaters 
which have been standardized. The first is the four- 
wire amplifier and consists of two independent ampli- 
fiers for the two directions of transmission. The second 
is used on two-wire circuits and consists of two one-way 
amplifiers (one for each direction of transmission) 
connected together through devices known as hybrid 
coils which separate the two directions of transmission. 

The third type® of repeater is for use on the 16-gage 
B-22 loaded circuits transmitting programs for radio 
purposes. These are high quality amplifiers passing a 
very wide range of frequencies and are used for trans- 
mitting in one direction only. 

The following points were selected for the repeater 
stations on the cable: Oakland, Livermore, Modesto, 
Merced, Fresno, Tipton, Bakersfield, Quail, and New- 
hall, repeaters also being used at the two terminals in 
San Francisco and Los Angeles. The shortness of the 
spacing between the repeater points at San Francisco 
and Oakland was justified for practical and economi- 
cal reasons in connection with 22-gage cable in the 
submarine section. 

Signaling in the cable is accomplished by the use of 
alternating current. As a general rule, 20-cycle cur- 
rent is used for signaling on the shorter cable circuits 
on which telegraph circuits are not superposed. For 
circuits over two-repeater sections long, 1385- or 1,000- 
cycle signaling is used, depending upon the economies 
of the particular case. If 1,000-cycle signaling is 
used, it is interrupted at the rate of 20 cycles per 
second and has the advantage of passing through and 
being amplified by the repeaters. It does not necessi- 
tate equipment for relaying around the repeaters, 
which is the case for 20-cycle signaling current and for 
135-cycle current on circuits over two-repeater sec- 
tions in length. 

High-grade 60-speed telegraph facilities in a cable 
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are furnished by using the voice-frequency carrier 
telegraph system.'' This equipment operates in the 
voice-frequency range and requires one four-wire 
circuit for each system supplying twelve telegraph 
circuits. For shorter haul requirements up to about 
two repeater sections in length, it is usually desirable 
to use the metallic telegraph system” which either uses 
pairs, or paths obtained by compositing. 


CABLE SELECTION AND DESCRIPTION 


The individual circuits in the cables are designed to 
provide a predetermined grade of transmission on the 
basis of the general toll switching plan which is the 
fundamental circuit arrangement used in the Bell System 
for the layout of the toll plant. In many instances 
more than one design will fulfil the requirements and 
in these cases the most economical one is selected. 

It will be of interest here to note the estimated 
number of circuits required for one of the periods 
studied with the type of facilities adopted in each case 
for a typical repeater section. 

Table I shows the results of a study of estimated 
circuit requirements for 1933 as estimated in October 
1928, for the Newhall-Los Angeles section. These are 
interpreted in terms of quads on the basis of three 
circuits for each two-wire quad and one and one-half 
circuits for each four-wire quad. 


TABLE I—ESTIMATED 1933 CIRCUIT REQUIREMENTS— 
NEWHALL-LOS ANGELES SECTION 


(Study of October 1928) 


Quads required 


2-Wire 4-Wire 
sg 88 $8 $8 88 
5 SN Ct] Gg at 3o ath 
ea hea ae aS a 
Zoenoeece 2Sko eS o 
Circuit group 
San Francisco-Los Angeles......... LR cist, tae phat OE RTE ee teas 34 
MOEwAn eles Seattl@nmennh fede ecivee Cs pias 2H sisiss) novels cs 3 
Los Angeles-Portland............. ACT? Me ce, Gath. Yer 8h 3 
Los Angeles-Sacramento.......... 1S eA He | lo nas CORES Oe eae 4 
Los Angeles-Salt Lake City........ lDeetoee® Me Bove cede ee oe 7 
Los Angeles-Fresno..............- Len et eee Os. Se. 8 
Los Angeles-Visalia............... RR it pss AChR a CRORE ee eee oe 4 
MmaReAtiPOles—POrvervilleser ce) sacks cocci we. she ens aae.) Siete, ale 2 
Los Angeles-Bakersfield........... 1S 2 epee eee eye hires s). Gira 
Mirsecilaneous transcontinental... wekle. cue 9 stuns, ft > stein er 8 
Voice-frequency telegraph......... Gee RMN n |e ace) ste chats Ge 4 
Prem anrisco-Sall Crk Oue i. ota acre tee citric, os Sis tise wt enede 2 
HOsSPANeeles=Sand berg se: yinssc- cay seep hata oe Waites 4 Ne py Ri a ORR 
Los Angeles-Mojave.............. cies SSG ey Sere Lee els eee 
Los Angeles-Lancaster............ SEES | ee, ote Died ors Mel SABE 6 
imnseAngelos-Palmadale: Cauca aadcciseklSer mites | nba ita ts Motto aarcio 
Los Angeles-Fillmore.............. 1 Ee aoe tes re rene 
Los Angeles-Newhall.............. 7..... Be ater Pesci ois nc 
Eight type C Inland carrier systems 24..... Seva, See ees ak pe eee 
Total requirements........... TE Jonas LE tes LOLS 65,9220 79 
Proposed cable facilities........... 249..... WSs hates Dio cet in mictee 86 


Although generally desirable, it was not possible, 
because of differences in the circuit requirements and 
the different rates of growth in the various portions 
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of the route, to install a cable with the same make-up 
in all sections. The make-ups decided upon are 
given in Table II. 


TABLE II—CABLE MAKE-UPS 


Cable section 


San Oakland- Stockton Fresno- 
Francisco- Stockton Jct.- Los 
Oakland Jct. Fresno Angeles 
CABLE MAKE-UP 
WG Page qQuads.cc. stints seer | Ae aaa ee Sota So lrateleiatevs 19 
TO eae erauaGs ssa ocean eo Cee ree: BS eineiass Sbinaaeer 107 
22) GALES: CUAGB tis Aspen ae etiale Boivetemays = Mistaver-urs Le Nis gate to i 
16,gage broadcast pairs...... ....... Giscre acess Gineoainis 12 
LOADING ARRANGEMENTS 
16) H=44-25o-wirerguadssece. | + cle. ae DOr os ki Ae hs 6 
16 H-172-63, 2-wire quads.... ....... Lamatiiis ean eae Oe 13 
19 H-172-63, 2-wire quads.... ....... AO. ROS ray eo aay 524s eke 21 
19 H-44-25, 4-wire quads..... ....... SOistte ort GOla cette 86 
16 B-22-N, broadcast pairs... ....... is ote oes hee eee 12 
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*Not including broadcast and tracer. 
{Broadcast facilities across San Francisco Bay are taken care of in 
other cables. 


Fig. 3 is a typical cross-section of the cable used 
between Fresno and Los Angeles showing the location 
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of the various quads and pairs contained in it, the color- 
ing of the insulation which enables particular quads to 
be identified, and the system of numbering. The quads 
are arranged in layer formation with the 16-gage 
quads in the center. The twelve 16-gage broadcast 
pairs and the 22-gage tracer quad are interspersed ‘in 
the first and third layers (counting from the outside) 
of 19-gage quads which are placed around the 16 gage. 
The heavy lines are shown merely to aid in visualizing 
the segregation of the various groups in the cable and 
do not represent a shield or separator of any kind. 
The tracer quad is used for test pairs during the con- 
struction period, and for making good any bad quad 
in a reel length. 

The following schedule of completion dates was 
followed, which provided a reasonable manufacturing 
load and construction program, and a satisfactory 
realization of service dates when considered on a broad 
basis. 


Completion 
Section Miles date 
Sar Branciseo-Hay ward)... 3 sts, 202 cee ee sel eee Da ee eee Os 
Stockton. Jct;= Merced: eis teres en eee ee SV fen atech tan of eras) 
Hayward=StocktonjJCte.ctuss, «tan Gee eee 5a eres ~ ee hoes: 
IMerGed=BrestiO so. om. see er oc stk eR eee SST Naa L929 
Bresno-LosvAneeles..se- a a een ee es 222 ae © ce 1930 


The installation of the cable did not necessitate the 
immediate removal of the open-wire leads on the Coast 
and Inland routes, it still being desirable to temporarily 
retain all of these leads with a total of 16 carrier tele- 
phone systems for emergency and other purposes. 
The installation of the cable made it possible to carry 
out commitments to municipalities and to make 
clearance for highway widening between Newhall and 
Los Angeles by removing the open wire between these 
points. This made it necessary to transfer the Inland 
Route carrier terminals formerly located at Los Angeles 
to Newhall, extending the voice circuits derived from 
them to Los Angeles in the Newhall-Los Angeles sec- 
tion of the toll cable. A complement for this purpose 
was included in the studies for the Newhall-Los Angeles 
section, Table I. 


LOCATION OF CABLE 


Studies of the proposed cable route indicated that a 
combination of aerial and underground construction 
would provide the best arrangement. 

The location of the aerial plant was dependent to a 
large extent on the terrain and the presence of high 
potential power systems. Highway routes were avail- 
able for much of the distance, but if the plant were 
located on these it would be subject to high maintenance 
costs. Private right-of-way routes were available in 
many sections, but their use had to be carefully justi- 
fied in view of higher construction costs due to the 
character of the route and the cost of the right-of-way 
which was an appreciable item. Balanced against 
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these costs was the fact that maintenance expenses 
could be expected to be lower due to less outside inter- 
ference and less plant mileage. In locating plant, cost 
factors are used as a guide, tempered with sound engi- 
neering judgment and careful weighting of the factors 
which it is difficult to evaluate in terms of money. 

The route finally selected (Fig. 1) consisted of 138 
miles of aerial and 270 miles of underground construc- 
tion, exclusive of the submarine section under San 
Francisco Bay. With the exception of 18.6 miles of 
fiber duct on private right-of-way south of Bakersfield, 
all of the underground was of clay duct construction. 
The principal sections of the route on private right-of- 
way occurred between Hayward and Stockton Junc- 
tion and between Bakersfield and Newhall. Both 
sections are hilly and the use of a private right-of-way 
rather than a highway route could be justified on the 
basis of the savings in cable mileage. 

Between Merced and Madera the cable parallels an 
11-kv. circuit of the San Joaquin Light and Power 
Corporation at a separation of about 150 feet for a 


Fig. 4—View oF CasLe IN THE TEHACHAPI MOUNTAINS 


Showing the general type of territory traversed, the construction road, 
the cleared right-of-way, and, at the upper left, the open wire lead 


distance of some 34 miles. This exposure was con- 
sidered sufficiently severe to warrant some remedial 
measure, and a plan was developed jointly with the 
power company which provided for the breaking of the 
exposure into a number of sections and the reduction 
of its length by a reroute of a portion of the power line. 
The costs of this measure were borne jointly by the two 
companies. 

For 57 miles between Bakersfield and Newhall the 
cable is carried aerially on a private right-of-way. 
Thirty-five miles of this is over the Tehachapi and 
Sierra de La Liebre Mountains (Fig. 4), passing through 
fairly rough country. Some of the interesting prob- 
lems encountered are described later in detail. 

The right-of-way in this section was purchased from 
private owners or obtained over government lands and 
was 100 ft. or more in width. . In most instances, the 
cable was placed in the center of the right-of-way, but 
on hillsides subject to fire hazards from brush, the 
poles were set above the center line.. . 
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The route was selected to be as short and direct as 
possible consistent with accessibility and economy. 
The most desirable location leading through fairly 
direct canyons and passes had to be avoided due to the 
presence of a 220-kvy. high-tension power line from which 
a maximum separation was desirable to avoid inductive 
interference. The Ridge Route Highway, a scenic 
motor artery, which in general follows the summits of 
the ridges, was also impracticable due to the length of 
the circuitous route over the tops of the mountains. 

The route finally taken parallels in general the 
Inland open-wire pole line through the mountains, 
although no attempt was made to follow this line and 
numerous departures occur at points where more 
advantageous locations could be found. In these 
mountains, elevations of 4,500 feet are encountered, the 
area is subject to heavy snow and occasional sleet 
during the winter months and, in accordance with 
Bell System standards, is classified as a “‘medium 
loaded”’ area. 


CONSTRUCTION PROBLEMS IN TEHACHAPI SECTION 


The country traversed in this section is generally 
desolate and uninhabited, there being practically no 


Fig. 5—Cuiosz Up or Casie anp Loapine Coin Casz 


Since all the conductors in the cable at this point were not loaded initially, 
the conductors were “‘ballooned out’’ within the extra splicing sleeve shown, 
to provide slack for splicing subsequent pots 


roads within a reasonable distance of the route. While 
accessibility had, of course, been considered as far as 
practicable in selécting the route, special measures 
remained to be devised ovér most of the distance, and 
this phase of the work required considerable study and 
organization. 

The Ridge Route Highway following the general route 
of the cable is of but little value as a transportation 
route as the line is, in general, inaccessible from it, so 
it was necessary to build a total of about ten miles of 
new road and to widen and grade some nine miles of 
existing narrow dirt roads and paths. These roads 
were built as economically as possible, bearing in 
mind that they would be tps for line maintenance 
and future construction. 

The nearest railroad station pauls which the material 
could be hauled was Lancaster, located on the Mojave 
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desert to the east. From this point a satisfactory road 
extended for about 40 miles toward the line, from where 
special transportation equipment was used over the 
construction roads. From the railroad delivery point 
at Lancaster, the principal items of material were 
transported to the job in a series of three steps. Ten- 
ton, six-wheel trucks and trailers hauled the material 
over as much of the distance as was accessible to them 
and then two and one-half ton trucks with drives on all 
four wheels and, in some instances, tractors and trailers, 
were used to deliver the material to its point of use. 

As the existing open-wire lead carried the maximum 
wire load for which the poles were designed, namely, four 
crossarms, it was impossible to consider it for the sup- 
port of the proposed cable. Considering the growth, 
it appeared reasonable to build a new pole line capable 
of supporting three cables and after an analysis of vari- 
ous types of supporting structures, fully-treated 
Douglas Fir poles normally spaced 110 ft. apart were 
selected. This particular type of pole was chosen be- 
cause of its fire resistant qualities, resistance to termite 
attack and decay, its high fiber strength and reasonable 
cost. 

The lead was built with 25-ft. poles. However, in 
order to maintain a proper grade and to care for numer- 
ous long spans, it was necessary in some instances to use 
poles as long as 60 ft. While the normal span of the 
lead was 110 ft., some spans as long as 510 ft. were con- 
structed and required special designs and construction 
methods. The loading coils were supported aerially 
on special loading coil fixtures (Fig. 5). 

Trucks (four-wheel drive) equipped with earth- 
boring machines and derricks were used for digging 
holes, setting poles and pulling cable in accessible 
locations. A considerable portion of the line was so 
located that hand digging was required and in many 
instances rock was encountered making the use of . 
powder necessary. 

The pulling of the cable presented interesting prob- 
lems in many locations where the terrain was particu- 
larly irregular or steep. In general, the trucks with a 
four-wheel drive were used, but in some instances where 
these were not suitable, tractors especially equipped for 
pulling cables were employed. In pulling the strand 
and cable on steep grades, the general procedure was to 
locate the cable reel at the lower level and to pull the 
cable up the grade as the cable was then under control, 
the load being under tension during the entire pull. 
If it is pulled down grade, its weight must be con- 
trolled, the danger of its getting away becoming 
progressively greater as the pull nears completion. 

The reels (weighing with cable about 6,000 lb.) were 
mounted on two-wheeled trailers specially designed for 
transporting and unreeling the cable and were delivered 
by trucks or tractors (Fig. 6). In some instances where 
the desired location for setting up the reel at the bottom 
of a steep grade was not accessible, it was necessary 
to lower the trailer with the reel down the slope on a 
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winch line, with the tractor at the top of the grade 
checking the descent (Fig. 7). 

Some of the grades encountered were much longer 
then the normal reel length of 750 ft. and in such in- 
stances it was necessary first to lower the trailer and 
reel to the bottom of the grade with a tractor and then 
to lower a smaller tractor down to the point at which 
the pull was to be made. The small tractor was held 
in position while it proceeded to “‘dig-in’”’ on the side 
of the grade and establish itself, after which it pulled 
the cable up to the point at which it was located. When 


Fig. 6—Tractrors AND TRAILER FOR HANDLING CaBLE REELS 
this pull was completed, the small tractor was drawn 
back up to the top of the grade and a second reel was 
lowered on a trailer to the point where the small tractor 
had been previously located and the cable on the 
latter reel pulled in place. 

Naturally some of the locations where loading coil 
cases (weighing as much as 1,675 lb.) and poles were 
to be installed, came on steep grades and in ‘such in- 
stances special rigging and careful handling was often 
required, it being necessary in some cases to rig tem- 
porary spans of winch line across ravines or canyons 
with special slings devised to carry the cases to their 
ultimate position. 


USE OF GAS PRESSURE IN CABLE SHEATHS 

The insulating qualities of the paper strip used for 
the electrical separation of the conductors of a telephone 
cable are entirely dependent upon the exclusion of 
moisture. For this reason it is essential that the cable 
sheath be made moisture-proof and maintained in that 
condition. 

Methods which have proved valuable during the past 
few years make use of gas pressure applied within the 
cable. Dry compressed nitrogen has been selected for 
this purpose because of its chemical inactivity, low 
cost, and lack of moisture content. It is supplied in 
100-cu. ft. tanks, with a small regulating outfit, con- 
sisting of valves, hose, couplings and pressure indicator 
for controlling the admission of the gas to the cable. 

In general, each reel of cable was tested after being 
pulled into place and before opening the sheath at the 
ends preparatory to splicing, by injecting the gas into it 
under pressure. With a pressure of 12 lb. per sq. in. 
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throughout the cable length, any sheath opening was 
manifested by a drop in pressure and located with the 
aid of the hissing noise caused by the escaping gas. 
Then after each splice was completed, it was tested by 
forcing nitrogen under pressure through a small hole 
in the sleeve, any opening being indicated by bubbles in 
the liquid soap with which the sleeve was then painted. 

A recent development is the use of continuous pres- 
sure in the cable after completion, with low-pressure 
alarm contactors spaced along the sheath at equal 
intervals. A drop in pressure in the vicinity of a con- 
tactor causes it to operate and close an alarm circuit in 
the cable which, in turn, sounds an alarm in the testing 
office. The gas escaping through the hole in the sheath 
prevents moisture from entering for a sufficient time to 
permit locating and repairing the hole. This method is 
in use in the fiber duct section south of Bakersfield. 


CABLE LAYUP AND TESTING 


Early experimenters with telephone cables were both 
surprised and disappointed when they discovered that 
even for a cable only a few hundred feet in length, a 
telephone conversation taking place over one of the pairs 
could be heard well on the others. This condition, of 
course, resulted because all of the wires in the cable were 
placed parallel to each other, the development of the 
art not having progressed sufficiently to indicate 
methods for transposing pairs to avoid crosstalk. 
Elaborate means are taken in modern toll cables to reduce 
crosstalk between pairs and the picking up of noise from 
outside sources. These methods will now be described. 

In a toll cable the various groups are kept separate, 


-these..groups.retaining their identity throughout: each 


repeater section. An example of this is shown in Fig. 3, 
where it will be seen that the four-wire group trans- 


Fia. 


7—LowERING Reet 1n Dirricutr Location 


mitting in one direction (Group 6) is kept apart as much 
as possible from the four-wire group transmitting in the 
other direction (Group 3) by an intervening layer of 
two-wire (Group 5) 19 gage intended for H-172-63 
loading. The broadcast pairs are located in the four- 
wire group transmitting in the same direction in which 
they are used. 

As previously mentioned, the paper-insulated con- 
ductors in the cable are twisted together to form pairs, 
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two of these pairs in turn being twisted together toforma 
quad. Thisarrangement provides the initial transposing 
between circuits. Inmanufacturing the cable, three regu- 
lar types of quads are made which differ from each 
other by the length required for the pair twists, and the 
length used per twist when the pairs are formed into 
quads. These different types of quads are used to 
further reduce the crosstalk between the circuits in the 
cable. To avoid the possibility of two quads in adjacent 
layers continuing beside each other, alternate layers are 
stranded in opposite directions during manufacture, 
the relationship between the layers, as shown in Fig. 3, 
being true only at exceptional points. 

The standard reel length, used wherever possible, is 
approximately 750 ft. Fig. 8 shows the arrangement 
for splicing the cable in a normal 6,000-ft. loading 
section composed of eight reel lengths. When the cable 
is ready for splicing, the P splices are made first. These 
are known as “planned splices,” at which the splicer 
joins particular quads in one direction to definite quads 
of the same group in the other. The plan for making 
the splice is prearranged, and the splicing pattern is so 
set up that different types of quads are spliced together, 
satisfactory separation of quads being effected and ad- 
jacencies between quads in other reel lengths being 
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minimized. Testers are then located at the B splices 
who measure the difference in capacitance unbalance“ 
for the circuits in each quad. Quads in one direction 
are then spliced to quads of the same group in the oppo- 
site direction in such a manner as to neutralize the un- 
balances to the best advantage. The C or final test 
splice, for the loading section is then made in a similar 
manner. At the load points the loading coils are spliced 
into the circuit at random, the splicer connecting the 
loading coils between quads in the same group in accor- 
dance with no definite plan. In case the distance be- 
tween the splices differs materially from 750 ft. on 
account of physical conditions, the above procedure is 
modified so that comparable results are obtained. 

As described above, the four-wire group transmitting 
in one direction is kept separate from the four-wire 
group used for transmitting in the other. Because one 
of these groups is always nearer the sheath than the 
other, the effect of the rotation between the layers is 
that the length of the wires between two given geo- 
graphical points is greater for those in the group nearer 
the sheath. In order to equalize this difference in 
length, which also results in equalizing the resistance 
and the transmission loss of the circuits in the four- 
wire groups which is essential since one group consti- 
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tutes the return paths for the circuits in the other, a 
“transposition splice” is located approximately midway 
between repeater points at a B splice where the positions 
in the cable occupied by the two four-wire groups are 
interchanged; 2.¢., groups 3 and 4 of Fig. 3 change 
places with groups 6 and 7. When the cable is in 
operation, the direction of transmission on the four- 
wire group is such that the output of the repeaters at the 
repeater stations is always applied to the group nearer 
the sheath, the greater energy thus being carried having 
the effect of reducing the noise to signal ratio. Its posi- 
tion at the same time shields the quads inside against 
noise. 

In order further to reduce crosstalk between two-wire 
circuits, at each repeater point the cross-connections 
are so arranged that while the phantom circuits are 
connected straight through, the side circuits are sys- 
tematically rearranged among the quads. A similar 
procedure is followed for the four-wire circuits, at the 
repeater offices which are located at the ends of circuit 
units. 

It should be noted that the efforts to reduce the 
crosstalk described above do not result in its entire 
elimination, the result being that intelligible crosstalk 
is minimized, a small amount of unintelligible crosstalk, 
picked up from many other circuits and known as 
““‘babble,’’ being left. 

The measurements and tests“ made on the sides and 
phantoms (after all the splices for a repeater section are 
completed, and the pairs with opens, crosses, grounds, 
or low insulation have been cleared or tagged) are the 
following: d-c. loop resistance, resistance unbalance, 
insulation resistance, crosstalk tests, transmission 
measurements at 1,000 cycles which are checked by 
calculated values, singing point tests, and impedance- 
frequency runs on those circuits which have a poor 
singing point. In general, impedance runs are made on 
a sample of from 5 to 10 per cent of the circuits in 
addition to the above, for the purpose of checking 
the correctness of loading and locating irregularities. 


BUILDINGS AND EQUIPMENT 


Eleven repeater stations were required for this cable, 
Livermore, Merced, Tipton, Quail and Newhall being 
new offices, and building additions being added at 
Modesto and Bakersfield. The other repeater offices 
(San Francisco, Oakland, Fresno and Los Angeles) 
were already in service, and it was only necessary 
to add the equipment associated with this cable. 
Each of the new buildings is so constructed as to har- 
monize with its surroundings, and locations were 
chosen, with the exception of Quail (which of necessity 
had to be located in the Tehachapi Mountains), which 
were readily accessible from established communities. 
The equipment contained in these offices is required 
principally for phantoming, ringing, amplifying and 
regulating purposes, and its extent may be appreciated 
from the fact that nearly 6,000 three-element vacuum 
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tubes were supplied initially, although, in many offices, 
sufficient equipment was installed to take care of only 
a part of the circuits which will ultimately be in service 
in the cable. 

Of all these offices, Quail (Fig. 9), perhaps holds the 
greatest interest, because of the problems connected 
with finding a suitable location for it, in obtaining water, 
gas and power supplies, and housing for the personnel. 
The location of this station is near the Ridge Route 
Highway at the western end of the Antelope Valley, 


Fig. 9—ExtTeRIon VirEw or Quai, ReEepeaTeR OFFICE AND 


BUILDINGS 


an arm of the Mojave Desert, at an elevation of 3,400 
ft. In addition to the building for the equipment, which 
is of steel frame construction with reinforced concrete 
walls and roof, and the water tower, four modern houses 
equipped with electric refrigeration and unit heating 
systems were constructed for the personnel. With the 
exception of sand, which was obtained locally, all con- 
struction materials and telephone equipment were 
hauled by truck from Lancaster, the nearest railroad 
point 40 miles away, or from Los Angeles. Before con- 
struction could be started it was necessary to develop 
water, which fortunately was found in satisfactory 
quantities at depths of from 80 to 150 ft. All power 
required was generated locally until the middle of 1931, 
at which time commercial power from a substation, 30 
miles away, became available. A high-pressure illumi- 
nating gas trunk line, operated by one of the gas utili- 
ties, passed nearby, and from this, gas for cooking and 
heating became available. 

Fig. 10 is an interior view of the Quail repeater sta- 
tion showing four-wire repeater bays, test board, cross- 
connecting frame and other equipment which is typical 
of that contained in all the stations. Storage batteries 
(not shown in Fig. 10), providing a 24-hour power re- 
serve for all of the equipment required for one cable 
and associated charging generators were installed. 
These generators are of the commercial type and in 
order to eliminate noise due to commutator ripple when 
the 24-volt batteries are being charged while in service, 
a filter consisting of a choke coil and three electrolytic 
condensers!’ in parallel is installed in the leads dis- 


‘ tween the various repeater points to enable each station 
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charging from the batteries to the equipment. The 
choke coil which has an inductance of approximately 
one mh. weighs about 650 Ib. and is rated at 300 
amperes. The electrolytic condensers have a capacity 
of from 800 to 1,350 uf. apiece, depending upon the 
frequency. 


OPERATION AND MAINTENANCE 


In operating the cable, it is convenient to establish 
“circuit units’ which consist of circuits lined up for a~ 
definite transmission value between the offices desig- 
nated as “circuit unit terminals” which are San Fran- 
cisco, Modesto, Fresno, Bakersfield and Los Angeles. 
These circuit units are then patched together to form” 
longer circuits, it merely being necessary to insert re- 
peaters with the proper gain at the circuit unit terminal 
offices. In case of trouble on a through circuit, the par- 
ticular circuit unit which is in difficulty can be replaced - 
by a spare one with only a slight delay. Each circuit” 
unit is under the jurisdiction of a control station (San 
Francisco, Oakland, Fresno and Los Angeles) which is 
responsible for keeping it up to the required transmis- 
sion standard. Test wires are set up in the cable be- 


to converse with all others as required in lining up and 
maintaining the circuits. 


Fia. STATION 
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Due to variations in conductor resistance occasioned 
by temperature changes occurring between day and 
night and also those due to seasonal variations, the 
transmission loss may change for a San Francisco-Los 
Angeles four-wire circuit (normal loss, 9 db.) as much as 
10 or 15 db. comparable variations taking place on all 
of the other circuits in the cable. In order to com- 
pensate for this, a “pilot wire regulating system’’ 
is installed in each circuit. unit section. This consists 
essentially of a composited telegraph circuit or pair in 
the cable known as a “pilot wire,’’ the resistance varia- 
tions of which cause equipment in certain repeater 
stations (Livermore, Merced, Tipton and Quail) to func- 
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tion and automatically compensate for variations in all 
circuit units. The circuits are, of course, lined up for 
average temperatures and the regulators then provide 
for temperature variations in either direction. 

Considerable testing equipment is required at each 
repeater office for maintaining the cable circuits at their 
highest efficiency. This equipment consists of wheat- 
stone bridges, voltmeters, transmission measuring units" 
(for measuring the transmission efficiency of circuits 
and equipment), impedance bridges“ (for locating line 
irregularities) and similar equipment. At Los Angeles 
a low insulation alarm system has been installed which 
brings in both a visual and aural alarm as soon as the 
insulation on certain selected pairs in the cable drops to 
a dangerous value. When this system indicates that 
the sheath has been damaged and moisture is slowly 
entering the cable and short circuiting out the pairs, 
the location of the trouble is determined by electrical 
tests and men are sent at once to repair it. 


FUTURE EXTENSIONS 


It is expected that future demands for toll circuits 
on the Pacific Coast will result in greater major exten- 
sions to the long distance cable network. Several 
factors tend in this direction. One of these which makes 
it possible to contemplate greater extensions than in the 
past is the availability of tape armored cable? which 
may be placed directly in the ground without a subway 
structure. Another is the use of automotive equipment 
which makes the extension of heavy cable plant into 
rougher country possible. It is now feasible to under- 
take the extension of large-size cable over such rugged 
country as is encountered in the Sierra Nevada, 
Cascade, and Siskiyou Mountains. The application of 
such equipment has resulted in lower costs which, in 
turn, make greater extensions economically possible. 
Also the use of gaspressurein cables to indicate potential 
trouble makes it practicable to maintain cables through 
sparsely populated areas and provide reliable service. 

These items and others, which will undoubtedly be 
realized in the near future, permit forecasting the ex- 
tension of the coast cable network to connect the Seattle 
Area with the Southern California Area and the ulti- 
mate use of cable to connect the Pacific Coast cable 
network with that of the rest.of the Bell System. 
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Discussion 


Glen Ireland: The authors, in connection with their descrip- 
tion of the San Francisco-Los Angeles toll cable, also have indi- 
cated the general layout of the long haul toll plant on the Pacific 
Coast. In this connection it is of interest to note how com- 
pletely this long haul toll plant on the Coast is now connected 
with that of the rest of the country, including the toll cable 
network extending over the central, eastern, and southern sec- 
tions of the country. The major points of connection are at 
San Francisco, Los Angeles, and Seattle. From San Francisco 
and Los Angeles there are direct toll circuits to such points as 
Salt Lake; Denver, Kansas City, St. Louis, Dallas, Chicago, and 
New York City.. San Francisco and Los Angeles together now 
have 14 direct circuits to Chicago and 13 to New York City. 
Seattle has direct circuits to such points as Minneapolis, Chicago, 
and New York City. 

These circuits are carried eastward over separate open-wire 
routes and, allowing for construction now under way, will join 
the cable network again at Dallas, Oklahoma City, Kansas City, 
Omaha, and Minneapolis. In the open-wire sections practically 
all of these circuits are now provided by means of type C carrier 
facilities, the eight-inch non-phantomed open-wire construction 
being used in many repeater sections. Protection to this trans- 
continental open-wire network is provided by means of inter- 
connecting toll routes extending, for example, north and south 
out of Salt Lake and Denver. The San Francisco-Los Angeles 
cable also provides a valuable tie-in for the transcontinental 
routes. 

The toll cable network east of Minneapolis, Omaha, and Dallas 
provides innumerable possibilities of routing the circuits so as to 
insure continuous service. The problems of furnishing trans- 
continental service through this cable network involves many 
transmission problems, particularly those brought about by the 
time of transmission over long distances in cable. In this con- 
nection, the use of echo suppressors on the cable facilities, as 
mentioned by the authors, has been essential in overcoming the 
more important effects and in attaining the desired transmission 
results. 


The Kindling of Electric Sparkover 


Based on Lichtenberg Figures 
BY C. EDWARD MAGNUSSON: 
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Synopsis.—A simple, experimental method is described for 
studying the kindling mechanism of electric sparkover. Experi- 
mental evidence is presented which tends to prove that electrons 
and not protons or positive ions are the active carriers in the kindling 


HE mechanism of the electric sparkover process 
T has lately become a much discussed problem. 

Townsend’s theory of the formation of electric 
sparkover has been challenged and, at least in some 
respects, found wanting. Investigations by Rogowski,! 
Hippel and Franck,? Torok,? Marx, Loeb,> Uhlmann,® 
Beams,’ Schumann,’ Slepian,? Peek and others give 
ample evidence that the sparkover process is very 
complex; that the speed of formation is in the order of 
108 cm. per sec. instead of 10‘ or 10°; that polarity and 
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shape of electrodes, ionization, space charges, voltage 
gradients, air pressure, temperature and other factors 
enter into the problem. The results of investigations 
on the early stages of electric sparkover by Steenbeck,” 
Paavola' and particularly by Lawrence and Dunning- 
ton” throw light on certain phases of the initial or 
kindling stage of electric spark formation, but a com- 
prehensive explanation of the mechanism or process 
involved in the formation of electric sparks or spark- 
over is still lacking. 


In this paper a new method of approach is described 
and experimental evidence presented which tends to 
show that for impulse sparkover the following state- 
ments are valid: 

a. That electrons are primarily the active elements 
in the kindling mechanism. 


*Prof. of Klec. Engg. and Director of Engg. Experiment Station, 
University of Washington. 
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Presented at the Pacific Coast Convention of the A. I. E. E., 
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mechanism; that Lichtenberg figures form the initial step in the 
kindling process; that the sparkover channel develops from the 
positive Lichtenberg figure and that the sparkover path tends to 
follow the positive and negative Lichtenberg figures streamers. 


b. That Lichtenberg figures form the initial step 
in the kindling process. 

ce. That the sparkover develops from the tips of the 
positive Lichtenberg figures along the streamers of 
both the positive and the negative figures. 

In connection with an investigation on the effects of 
the magnetic field on Lichtenberg figures® it was found 
that the same method could be used for obtaining 
evidence on the kindling process of electric sparks; 
that is, during the first few microseconds of the spark- 
over process. 

The voltage impulse forming the Lichtenberg figures 
is impressed on the photographic. plate located in a 
strong magnetic field, with the emulsion surface at 
right angles to the lines of force. Two electrodes, in 
the holder, spaced 4 in. (10.2 em.), are in contact with 


Fig. 2—ELECTROMAGNET wiITH PLATE HoupErR IN PosirTIon 
the emulsion side of the plate. The reverse side of the 
glass is in contact with a thin copper plate. A cross- 
section of the holder, with photographic plate in posi- 
tion, is shown in Fig. 1. The plate-holder is air-tight 
and the desired degree of vacuum obtained by a vacuum 
pump. An illustration of the electromagnet, with 
plate-holder in position, is shown in Fig. 2. The 
diameter of the circular pole-face is 10 in. (25.4 em.); 
the pole spacing variable, but kept at 2 in. (5.1 em.) for 
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the figures in this paper, except Fig. 7 for which a 
smaller magnet was used.!* Eastman: Speedway 614 in. 
by 84 in.; Lumiere: Sigma 5 in. by 7 in., and Eastman: 
Hyper-sensitive pan-chromatic 5 in. by 7 in., photo- 
graphic plates were used. 

The voltage impulse was obtained by the discharge 


Fig. 3—LIcHTENBERG FIGURES 


The initial step in the sparkover process 
Air pressure: 16 cm. Hg. 

Field: S, 5,150 lines per em.? 

Electrodes spaced 10.2 cm. 


of a sphere spark-gap, diameter of spheres 10 in. (25.4 
em.). For Figs. 8 and 9 the impulse energy was in- 
creased by placing a glass-tinfoil condenser of 3.6°10-* 
uf. capacitance in parallel with the spark gap. Cath- 
ode-ray oscillograms of the voltage impulse showed a 
very steep wave front, the voltage reaching peak value 
in approximately two and a half microseconds. 

The direction of the magnetic field with respect to the 


Fig. 4—LicuTenBERG FIGURES 


Suppressed sparkover 

Air pressure: 13.4 cm. Hg. 
Field: S, 5,060 lines per cm.? 
Electrodes spaced 10.2 m. 


emulsion surface of the photographic plate is indicated 
by the letters N and S._ If the north pole was in front 
and the south pole behind the printed figure (reverse 
of photographic plate) the direction is marked N. 
The letter S indicates the reverse direction. The flux 
density is given lines per cm.” of field-pole surface. 

In a preceding paper" evidence is presented on the 
formation process of Lichtenberg figures. The deflec- 
tions of the streamers in the positive as well as in the 
negative figures, when formed under stress of a strong 
magnetic field, show that electrons, and not positive 
ions or protons, are the active elements at both electrodes. 


MAGNUSSON: KINDLING OF ELECTRIC SPARKOVER 75 


That the positive figures are formed by electrons 
falling into the positive electrode is likewise the con- 
clusion reached by Marx (loc. cit. page 68) on the basis 
of results obtained from an ingeniously devised experi- 
ment. 

In essence the formation process may be described 
as follows: 

For the negative figures the electrons are projected at 
high velocity, away from the negative electrode, form- 
ing spreading streamers, due to the mutual repulsion 
existing between the projected electrons in each 


Fig. 5—LicutenBerG FIGURES 


Suppressed sparkover 

Air pressure: 12.5 cm. Hg. 
Field: S, 5,100 lines per cm.? 
Electrodes spaced 10.2 cm. 


streamer. The bending of the streamers from the 
negative electrode in Figs. 3, 4, and 5is in accord with 
this statement. 

For the positive figures electrons are likewise the active 
elements but the process is fundamentally different. 
At the positive electrode the electrons are attracted 
towards and fall into the positive electrode instead of 
being repelled and projected away, as at the negative 
terminal. The locus of the potential gradient wave of 
the impressed impulse spreads outwards from the posi- 


F>q 6—DEFLECTION OF SPARKOVER PaTH PRODUCED BY 
Maenetic Firip or S DIRECTION 


tive electrode and, if the gradient be greater than 
necessary to produce ionization, streams or slides of 
electrons, produced by secondary ionization, fall into 
the positive electrode. 

The grooves or channels forming the positive figures 
are assumed to be paths of low resistance during the 


- inrush of the electrons, with the voltage gradient at 


the tip of the streamers providing the initiating ioniza- 
tion. These sources of the electron streams rapidly 
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progress outwards from the positive electrode until 
the voltage gradient for any streamer tip becomes less 
than the ionizing potential. At the instant the initiat- 
ing ionization at the tip of the groove ceases, the elec- 
tron stream in that streamer collapses and the cycle for 
the formation of the positive figure is completed. If 
the voltage gradient at the electrode continues above 
the ionizing potential, or recurs, the cycle repeats as 
in the case of corona, brush discharges, ete. The 
streamers in each cycle extend outwards with the radial 
distances approximately proportional to the respective 
potentials. 


At atmospheric pressure the bending of the negative 
and positive streamers: by the magnetic field is very 
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Air pressure: 15 cm. Hg. 
Field: 12,500 lines per cm.? 
Electrodes spaced 5 cm. 


small. By decreasing the air pressure in the plate- 
holder the deflections produced by the magnetic field 
become proportionately larger. For pressures less" 
than 3 cm. Hg. the appearance of both the negative 
and positive Lichtenberg figures becomes strikingly 
different, when produced under the stress of magnetic 
fields, from those obtained under atmospheric pressure 
conditions. While the bending of the streamers in 
Figs. 3, 4, and 5 is not large, it is ample to show that 
the moving elements must be negatively charged 
bodies, that is, electrons and not positive ions for both 
the positive and the negative figures. 


(a) The active elements in kindling mechanism. 


A graphical representation of the path followed by 
an electron, under the combined stress of dielectric and 
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magnetic fields in space quadrature, in passing in a gas 
from the negative electrode through the middle point a 
to the positive electrode is shown in Fig. 6. The mag- 
netic field direction is S, that is, the south pole is above 
and the north pole under the printed page. Hence the 
reaction-of the magnetic field on electrons projected 
radially from the negative electrode causes a deflection 
in the counter-clockwise direction around the oe 
electrode as center of reference. 

Consider an electron projected from the negative electrode 
under the given conditions and passing through the 
point a midway between the two electrodes. The 
electrostatic force of repulsion from the negative elec- 
trode and attraction to the positive electrode combined 
with the reaction from the magnetic field, at right 
angles to the direction of motion, will cause the electron 
to move along the path indicated by the full line in 
Fig. 6. It is evident that under the action of the 
magnetic field the paths of all electrons falling into the 
positive electrode will move in paths bending in the 
counter-clockwise direction, with reference to the 
positive electrode, as indicated in Fig. 6. Hence, if 
electrons be the active elements in the sparkover 
process the path followed by the spark should have a 
double inflection as illustrated by the full line in Fig. 6. 
On the other hand, if positive tons or protons be the 
active elements in the sparkover mechanism the path 
followed by the spark should likewise have a double 
inflection, but must be curved in the reverse direction, 
as indicated by the broken line in Fig. 6. The deflec- 
tions of the sparkover path therefore can be used as a 
criterion in determining whether electrons or positive tons 
or protons are the active elements in the sparkover process. 

On this basis consider the three sparkovers recorded 
in (a), (b), and (c), Fig. 7. In (b): the field direction 
was S, the same as used for the diagram in Fig. 6. 
The sparkover path has a double deflection like that 
of the full line curve in Fig. 6. In Fig. 7 (a) and (ce) 
the direction of the field is N, that is, reversed as com- 
pared to the direction in (b). The deflection of the 
sparkover paths in (a) and in (c) are also reversed as 
compared to (b). It is therefore evident that the 
photographic records of the sparkovers in Fig. 7 tend 
to prove that electrons, and not positive ions or pro- 
tons, were in each case the active elements in the kin- 
dling stage of the sparkover process. 

By reducing the pressure of the air surrounding , the 
photographic plate the bending effect of the magnetic 
field is proportionately increased. A series of photo- 
graphs of sparkovers was taken at air pressures ranging 
from atmospheric to 0.02 mm. Hg. Typical results 
illustrating the kindling stage of the sparkover process 
at reduced air pressures are shown in Figs. 8.to 13 
inclusive. Unfortunately it is not possible to reproduce 
on the printed page by means of half-tone cuts much 
of what appears on the photographic plate. Even the 
photographic prints are in many respects. inferior to 
the original plates. 
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In the series of photographs from which Figs. 8 to 
13 were selected the spacing of the electrons was kept 
constant at 10.2 cm., and the impressed voltage adjusted 
so as to record on the photographic plate the kindling 
stage of sparkover formation. The deviation of the 


Fig. 8—SparKOVER SUPERIMPOSED ON LICHTENBERG FIGURES 


Air pressure: 9.9 cm. Hg. 
Field: N, 5,050 lines per cm.? 
Electrodes spaced 10.2 cm. 


Fig. 9—IncrIPIeENT SPARKOVER 


Air pressure: 1.8 cm. 
Field: N, 5,200 lines per cm.? 
Electrodes spaced 10.2 cm. 


Fig. 10—SpParRKOVER IN THE MAKING 


Air pressure: 0.15 cm. Hg. 
Field: S, 5,200 lines per cm.” 
of) Electrodes spaced 10.2 cm. 


sparkover path from a straight line increases with 
decreasing air pressure. The double inflection of the 
curve, in each case, follows the path that would be 
taken by negative charges, that is, electrons, as illus- 
trated ‘by the full line in Fig. 6. It therefore appears 
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from the photographic records, under the given limita- 
tions of the experiments, that during the kindling stage 
and until actual sparkover has occurred, electrons and 
not positive ions or protons are primarily the active 
elements in the sparkover mechanism. 

At low air pressures the negative Lichtenberg figure 
develops grooves or channels as illustrated in Fig. 13, 
markedly different from the fan-shaped sectors of 


Fig. 11—Sparkover in tHe Kinpiine Srace 


Air pressure: 0.13 cm, Hg. 
Field: S, 5,150 lines per em.” 
Electrodes spaced 10.2 cm. 


uniform texture at higher pressures, as in Figs. 3, 4, 
and 5 or for those taken under atmospherie pressure. 
The bending of the rays when the figures are taken 
under the stress of the magnetic field shows that at all 
pressures electrons, projected from the negative 
electrode, are the active elements in the formation of 
the negative figure. At air pressure less than 3 cm. Hg. 
the appearance of the positive figure changes into a 


Fig. 12—SpParRKOVER IN THE KINDLING STAGE 


Air pressure: 0.07 cm. Hg. 
Field: S, 5,100 lines per cm.” 
Electrodes spaced 10.2 cm. 


nebulous form lacking definite structure. The sweep 
of the nebulous positive figure when formed under the 
stress of the magnetic field, as in Fig. 18, clearly indi- 
cates that the active elements during the kindling 
stage of the sparkover process are electrons falling into 
the positive electrode. The double inflection of the 
sparkover path in Fig. 18, arrested before complete 
sparkover occurred, is very marked, and in accord with 
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the analysis of the path that would be followed by 
electrons, indicated by the full line in Fig. 6. There is 
no evidence in Fig. 13 or on any of the photographic 
plates of a counter flow of positive ions or protons. 
(b) Lichtenberg figures and the sparkover process. 

Although the number and range of experiments made 
on Lichtenberg figures and sparkovers formed under 
stress of the magnetic field are limited, the results 
obtained, combined with the many important relations 
previously known in regard to Lichtenberg figures and 
other forms of electric discharges, may warrant the 
following observations on the interdependence of 
Lichtenberg figures, electric sparks, and the sparkover 
process. 

1. Lichtenberg figures represent, or are formed by, 
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figure and a positive space charge near the negative 
electrode. 

At the positive electrode, as the voltage gradient be- 
comes greater than the ionizing potential, positive 
streamers or slides suddenly develop and collapse form- 
ing the positive figure. For increasing impressed volt- 
age each succeeding set of streamers extends further 
towards the negative electrode than the one preceding. 

3. Sparkover develops from the tips of the positive 
Lichtenberg figures. 

When a positive streamer extends near to the negative 
figure a rapid increase occurs, as illustrated in Figs. 3,4, 
and 5, probably due to the excess of electrons forming 
the negative space charge at the periphery of the nega- 
tive figure. If the impressed voltage be sufficiently 


Fic. 13—ARRESTED SPARKOVER 


Air pressure: 1.3 cm. Hg. 

Field: S, 5,160 lines per cm.? 

Electrodes spaced 10.2 cm. 

1 megohm resistance in series with spark-gap 


elementary electric sparks. On this basis the process of 
formation of the Lichtenberg figures would also repre- 
sent the kindling mechanism of the simplest form of 
electric sparks. 

2. Lichtenberg figures, or the electric sparks pro- 
ducing them, form the initial step in the sparkover 
process. Preceding the sparkover proper, comes 
“der dunkle entladungs vorstrém’’!' which, in a way, 
corresponds to the darts and streamers in Torok’s 
“suppressed discharges,’ that is, a rapid succession of 
Lichtenberg figures forming cycles. 

At the negative electrode, electrons are projected away 
at high velocity which with ionization by collision pro- 
duce the negative figure. As a consequence a negative 
space charge is formed near the periphery of the negative 


high, the voltage gradient at the tip of the positive 
streamers extends the path of low resistance thereby 
bridging the gap to the negative electrode. This forms 
the initial conducting sparkover path which rapidly 
develops into the full sparkover channel, as illustrated 
by Figs. 7 and 8. The initial sparkover channel, Figs. 
7 and 8, apparently follows the positive and negative 
streamers with sharp turns when changing from one 
streamer to the next. It seems quite evident that zig- 
zag channels, as shown in Figs. 7 and 8, could not be 
formed by elements projected from the negative elec- 
trode; but could well be developed by electrons falling 
into the positive electrode; the formation process 
starting at the positive electrode and extending along 
the streamers to the negative electrode. 
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Discussion 


Hugh Skilling: In support of Professor Magnusson’s three 
conclusions I am pleased to mention a study in the Ryan Labora- 
tory last winter. That work led to very similar conclusions. 
The following is quoted from a report to Dr. Ryan concerning 
superposed 60-cycle and impulse phenomena between points. 

“Contrary to expectation, experiment has shown that the 
existence of 60-cycle corona between points has very little 
influence on the phenomena exhibited by the gap when an impulse 
voltage is applied. 

‘Arrested discharges of impulses of voltage were observed, 
measured, and photographed between points; then without 
changing any other condition of the circuit, a 60-cycle voltage 
was applied between the points and at the moment of maximum 
60-cycle voltage an impulse was thrown on and arrested. Except 
in slight details, the action of the impulse was unchanged.” The 
60-cycle voltage applied was 95 per cent of 60-cycle breakdown 
voltage, and gave profuse corona. 

This work, combined with previous knowledge, requires a 
-modification of accepted theory. 

‘When 60-cycle voltage is applied between points, it rises 
gradually in each half-cyele until corona commences. At once, 
space charge becomes the controlling factor in limiting ioniza- 
tion. But at all times of profuse ionization there are many 
electrons traveling rapidly toward the positive electrode; these are 
magnetically drawn together into luminous streamers of high 
conductivity. The cause of the intense ionization that must 
take place in these streamers is not definitely known, but there 
are several contributing factors. For instance, energy lost in the 
streamer will appear as heat, and as the air becomes warmer the 
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mean free paths become greater, ionization more intense, and 
more heat will appear. As the mean free path becomes quite 
long, complete ionization of the air in the streamer may be ap- 
proached. At any rate, ionization is copious enough to main- 
tain the streamer as space charge reduces the voltage gradient 
from thirty to six kilovolts per centimeter; an intense space 
charge of positive ions will be formed at the head of the streamer 
as electrons are carried away, and although this will lower the 
voltage gradient of the streamer behind it, it will so increase the 
gradient ahead of the streamer that the streamer will grow 
longer and by this process extend itself. It will grow out from 
the positive point until the available voltage is largely consumed 
by voltage drop along the streamer. When the gradient just 
beyond the head of the streamer is no longer great enough to 
supply a large current to the streamer, its consumption of voltage 
per inch rises, and the current falls even more—dropping sud- 
denly to zero and extinguishing the streamer. But in case the 
streamer should reach to the negative space charge that has in 
the meantime been deposited about the negative point, its cur- 
rent will be increased and in most cases it will grow to the 
negative electrode and so result in complete breakdown of the 
gap. 

“After one streamer has shot out from the positive electrode, 
the space through which it has penetrated is filled with positive 
ions, and a dispersion of these is necessary before another 
streamer can enter the same region. There is a tendency for 
these positive ions to shield all routes by which streamers might 
issue from the positive point. Hence, it is only during a small 
fraction of the total time that a streamer is in actual existence 
and during the remaining time the electric field between the 
points is very little different from that which would exist in the 
absence of streamers. Diffuse corona is the superposition of the 
thousands or millions of streamers that project themselves each 
second, while individual filaments bright enough to be distin- 
guished probably have a longer life. 

“Tt is only occasionally that a streamer issues in a similar 
manner from the negative electrode. Presumably a higher elec- 
tric field is needed to maintain such a negative streamer, and it 
is more intense in every way when by chance it is formed. A 
field-strength greater than 30 kilovolts per centimeter is a com- 
monplace in impulse phenomena, and negative streamers are 
evident in every arrested discharge, but at 60 cycles it is only 
by chance that such a streamer may start, and even in the most 
violent corona they are only seen a few times ina cycle. This is 
not improbably due to the fact that at the positive electrode, 
all electrons formed in the corona will converge toward the point, 
while the only electrons near the negative point are the few pro- 
duced near it and diverging from it. 

‘“The chief evidence favoring this theory is found in the experi- 
ment just described, and in the well known but unexplained 
relationship of 10 kilovolts per inch for breakdown between elec- 
trodes of any shape if corona precedes flashover. The nature of 
oscillograms of corona current—showing many small positive 
streamers and few but vigorous negative ones—is explained, and 
so are many of the characteristics of asymmetrical electrodes 
such as the case of flashover from point to plane coming always 
with the point positive.” 

Moreover, this work agrees very well with Professor Magnus- 
son’s results. The additional proposition of the discontinuity of 
electric discharge seems to make more clear the action in several 
of Magnusson’s excellent figures. 


S. S. Mackeown: Some twenty years ago Townsend derived 
theoretically the conditions necessary to obtain a spark discharge 
and was able to check his results experimentally over a rather 
wide range of conditions. He showed that it was essential to 
have positive ions produce ionization as well as the electrons. 
Although the positive ions produce a small amount of the ioniza- 
tion compared to the electrons, this ionization is essential for the 
spark discharge. 
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The mechanism of the spark discharge seemed to be satis- 
factorily explained until a few years ago when Rogowski and 
others found that the time necessary for a spark discharge to 
oceur was of the order of 10-* seconds. Now a spark will oeceur 
between plane parallel plates when the field exceeds approxi- 
mately 30 kilovolts per centimeter. However, it is known that 
an electron cannot cause ionization in a gas until it has acquired 
a perfectly definite amount of energy. In air this corresponds 
to the energy acquired when the electron falls through a poten- 
tial of about 18 volts. On the average every time an electron 
hits a gas molecule it loses its energy in the forward direction, 
and the average energy that an electron will haye when it hits a 
gas molecule is the product of its mean free path and the electrice 
field. The mean free path of an electron in air is approximately 
4 < 10-'em., so if the electrons are to hit gas molecules with an 
average energy corresponding to 18 volts, there must be an elec- 
tric field of some 5 X 10® volts per em. However, it is not the 
average electron which is important in producing a discharge but 
those few which have acquired high velocities due to either having 
traveled a distance large compared to the mean free path with- 
out making a collision or else due to the fact that they have not 
lost all of their forward momentum at the last collision. It is 
difficult to see how there could be an appreciable number of elec- 
trons having an energy greater than 10 times the average. If 
then we assume that the discharge is produced by electrons hay- 
ing energy 10 times as great as the average, we would expect a 
discharge to occur when the field was approximately 5 x 10° 
volts per em., which is more than 10 times greater than that at 
which it does occur. The fact that a spark occurs in 10-° seconds 
indicates that the field must be distorted so that at some place 
it has a value of 10 times the average and that this distortion 
occurs in 10-8 seconds. Slepian has gotten around this diffi- 
culty by assuming thermal ionization, which, however, for several 
reasons is not acceptable. Hippel and Franck as well as Loeb 
assume that this distortion is produced by an initial flow of 
electrons which distort the field, but their theories are not com- 
pletely satisfactory. If we assume that this distortion of the 
field does exist, then Townsend’s theory is satisfactory to explain 
the oceurrence of aspark. Consequently, the interesting part of 
the spark discharge is what occurs in the first 10-* seconds. 

Professor Magnusson’s pictures were produced with a voltage 
wave which reached a maximum in 2.5 X 10-® seconds and the 
pictures are a record of what occurred in probably 10-*° seconds. 
This is 1,000 times the length of time necessary for the sparkover 
to occur. Unfortunately there does not seem to be any way to 
determine the sequence of events in this period of time. As far 
as the pictures go it is perfectly possible that ionization occurred 
first at the anode and later at the cathode, or vice versa, or that 
they occurred simultaneously. It would, therefore, seem dan- 
gerous to draw conclusions regarding the actual formation of a 
spark from the data present in this paper. 

I would like to reiterate again that while the greatest part of 
the ionization is due to electrons, yet ionization by positive ions 
is essential and no spark can occur unless both types of ionization 
are present. 

H. G. Cordes: The statements (a) and (e) of Professor 
Magnusson’s paper and the theory deduced from the figures 
appear to require critical examination. Consideration of either 
mean free path or space charge invalidates the theory illustrated 
by Fig. 6. The mean free path of an atom in air at atmospheric 
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pressure is of the order of 10-* em. and at 0.07 em. Hg. pressure 
it is 10-2 em. Although the mean free path of an electron is 
longer than that of a positive ion, the separation of electrons and 
ions is too small for observation by inspecting an illustration 
hence they cannot follow the widely separated paths shown by 
Fig. 6. Electrons may be the principal charge carriers due to 
their small size and high velocity but enough positive ions are 
formed by co!lisions to reduce the space charge to practically 
zero. 

Reference to Fig. 7 does not seem to sustain the theory because 
both the positive and the negative streamers are recorded on the 
emulsion before a spark passes directly between the electrodes. 
In other words the streamers are ionized paths produced by 
displacement current flowing through the copper plate and a 
spark directly between the electrodes is initiated by a relatively 
short spark from the tip of a negative to the tip of a positive 
streamer. The short spark took place in Fig. 74a at a point 
below a straight line between the electrodes whereas in Fig. 8 
it passed above the line; this indicates that preliminary ioniza- 
tion of the streamers rather than the blow-out effect of the mag- _ 
netic field determines the location of the short spark. If this 
explanation is correct, omission of the copper plate should result — 
in the spark always taking place on the same side of the straight 
line and in requiring a higher potential to initiate the spark while 
the pressure and field, of course, remain the same. 

The streamers recorded by the emulsion on the photographie 
plate are probably produced in steps even when a potential of 
very steep wave front is impressed on the electrodes. The presence 
of grooves at low pressures shows that the record is made by the 
heat of the discharge instead of by actinie rays; the resulting 
emulsion vapor is an unknown factor with respect to pressure 
and composition. 

The presence of canal rays in a eontinuous, but otherwise 
similar, discharge indicates that positive ions are a component of 
a spark discharge; pure electron discharges, which take place 
without this component, have been produced only in very highly 
rarefied spaces. 

C. E. Magnusson: It is indeed gratifying that Dr. Skilling’s 
experiments made in the Ryan Laboratory, “‘led to very similar 
conclusions” although the experimental conditions were as widely 
different as may well be obtained. 

In reply to Dr. Mackeown’s assertion that ‘ionization by posi- 
tive ions is essential and no spark can occur unless both types of 
ionization are present,’ let me refer to an important contribution 
recently made by Rogowski,* in which he reaffirms his earlier 
contention that for impulse sparkover the positive ions do not 
play the role ascribed to them by Townsend’s theory. He shows 
that for short time impulses, 10-* sec. or less, the positive ions are 
essentially stationary. 

In regard to Mr. Cordes’ question let me state that with both 
electrodes in contact with the emulsion surface (Fig. 1) the bend- 
ing of the rays and the double inflection of the sparkover path are 
in the same direction whether a metal plate is in the plate-holder 
or not. The presence of the metal plate aids in producing more 
sharply defined figures, especially at low air pressures, but does 
not affeet the direction of the bending of either the positive or the 
negative streamers or the double inflection of the sparkover path. 

*Rogowski, W. Townsend’s Theorie, Gasentladung und Durschlag, 


Archiv. f. Elektrotech., vol. 25, p. 551, (1931). 
tRogowski, W. loc. cit., p. 593. 


Radio Coordination 


BY C. C. CAMPBELL* 


Associate, A. I. E. E. 


INTRODUCTION 

‘Dee paper is written from the authors’ experience 

with radio interference problems in northern and 

central California. _An attempt has been made to 
present the various phases of the problem and their 
relation to each other rather than an extensive pres- 
entation or solution of any particular phase. The 
application of mathematical theory for the solution of 
radio interference problems is in many ways highly 
complex. Fundamental formulas are used only to 
present the material more clearly. 

Radio interference from natural static and radio 
sources is not within the scope of this paper and is 
mentioned only in so far as it has a bearing upon 
interference caused by electrical sources. Natural 
static is less severe in the West than in the East, making 
other types of radio interference more apparent. A 
larger network of higher voltage lines has been built 
up in the West because of the extensive hydroelectric 
development and a more scattered population and this 
fact also alters the problem to some extent. 

The variation of broadcast service area due to power 
and location and the topography of the surrounding 
country have an important bearing upon the radio 
interference problem. The problem will require 
different treatments depending upon the _ broadcast 
coverage in different sections of the country. 


HISTORY AND DEVELOPMENT 


During the past decade, broadcasting for entertain- 
ment and other purposes has grown from a small 
unimportant industry to one of major importance. 
The broadcast of scheduled programs for the public 
really began in the latter part of 1922. In 1923, a few 
complaints of radio interference were received by the 
power companies, doubtless, because they are depended 
upon to a great extent to help their customers in various 
- electrical problems. The power companies with little 
to draw from by way of a background of experience or 
research in this field, met the problem with a spirit 
of cooperation and helpfulness toward the broadcast 
listener and the radio trade. 

The first interference investigations revealed a great 
number of home-made receivers, many of which were 
of the single-circuit regenerative type. These home- 
made receivers had many loose connections and run- 
down batteries, which accounted for a large percentage 
of the radio interference complaints at that time. The 
average broadcast listener did not complain about poor 

*Pacific Gas and Electric Co., San Francisco, California. 

7San Joaquin Light and Power Corp., Fresno, California. 

Presented at the Pacific Coast Convention of the A. I. E. E., 
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quality of reception or a small amount of noise. He 
did not protest unless the interference was serious 
enough to make reception from most broadcast stations 
impossible. As the radio industry grew, the -tone 
quality of radio transmitters and receiving sets was 
improved and listeners took more interest in obtaining 
good reception. Battery receiving sets were used and 
listeners found they could purchase fairly satisfactory 
manufactured sets at a reasonable price. Interference 
due to poorly constructed radio receivers and regenera- 
tive receiving sets was reduced. It soon was found 
that considerable interference originated in industrial 
and household electrical devices, utilities’ lines, and 
in other miscellaneous electrical and radio sources. 
Interference was picked up by battery supplied receivers 
by direct induction in the antenna-ground system and 
only the more severe cases of interference were found 
troublesome. 

The next important change was from battery- 
operated receivers to receiving sets supplied directly 
from the a-c. lighting lines. Battery eliminators 
coupled receivers conductively to the lines, and noises 
not previously noticed were brought in and resulted in 
an increase in the number of complaints received. An 
increase in the number of interference complaints was 
also caused because radio was a considerable novelty 
and listeners attempted to get low powered distant 
stations and were often very successful. The next 
change included the radio power supply as part of the 
receiver and this change further increased the coupling 
between the power supply lines and the radio receiver 
itself. The modern radio receiver, made in a single 
unit, has excellent tone quality, satisfactory selec- 
tivity and high sensitivity. Some of the later super- 
heterodyne receivers have a sensitivity of less than one 
microvolt per meter. With the excellent programs 
now broadcast and the desire of the radio listeners for 
clear reception, interference complaints have increased. 
They have also increased because of the greater number 
of receivers in use and because keen radio retail compe- 
tition is pressing radio sales in noisy locations and in 
places remote from broadcasting stations. 

During 1926, after the breakdown of the 1913 radio 
act, broadcasting stations sprang up almost overnight. 
Considerable interstation heterodyne interference de- 
veloped. The present Federal Radio Commission 
(created by the radio act of 1927) held its first meeting 
on March 15, 1927. Order in broadcasting was brought 
about by relicensing all stations, reassigning frequencies 
and power. On the Pacific Coast, heterodyne inter- 
ference is a minor factor at the present time. The 
present trend toward the superheterodyne receivers 
will allow higher power in broadcasting without 
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seriously increasing heterodyne interference. Inter- 
ference from radio sources is not within the scope of this 
paper and is mentioned only because at this time 
many interference complaints received by the power 
companies were found due to this cause. 

Fig. 1 shows the total number of receivers sold 
including consoles, midgets, and radio-phonograph 
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Fig. 1—NuvumBer AND VALUE OF RECEIVING SETS SOLD IN THE 
Unirep States 1922-1930 


combinations. The number of receivers manufactured 
has increased from 100,000 in 1922 to 4,488,000 in 
1929. The curve of values includes the amount of 
sales in dollars of all receivers, tubes, parts, and acces- 
sories. ‘The retail value of radio sales increased from 
$60,000,000 in 1922 to $842,548,000 in 1929. The 
average selling price of a radio receiver has varied from 
$50.00 in 1922 to $127.00 in 1927. Since the latter 
year, the price has dropped gradually and in 1980 it 
was $82.00. The average retail unit price of tubes 
has decreased from $6.00 in 1922 to $2.30 in 1930. 
Of the 30,000,000 receivers now in use in the world, 
approximately 50 per cent or 15,000,000 are operated 
in the United States.’ 


ADVANTAGES OF RADIO INTERFERENCE INVESTIGATIONS 


The advantages of radio interference investigations to 
all branches of the radio trade and to the radio listeners 
are many and obvious. The elimination of radio inter- 
ference under the present system of broadcasting is of 
considerable value to the individual broadcast stations 
in permitting them to reach a greater audience with 
their programs. 

In radio the power company has a very desirable 
load, as it yields a higher revenue per kilowatt of de- 
mand than most other electrical appliances. The con- 
nected radio load in the United States is estimated 
at 1,500,000 kilowatts and on the basis of 4 hours 
daily use and $0.05 per kilowatt hour, this means an 
approximate revenue of $100,000,000 per year. Extra 
heating and lighting also account for an appreciable 


3. For references see Bibliography. 
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increase in revenue. Some companies are now making 
regular use of radio to patrol their lines. Perhaps the 
most important advantage of interference investiga- 
tions is the customer good-will building possibilities. 


RESPONSIBILITY 


Table I shows the number of complaints investi- 
gated yearly by the Pacific Gas and Electric Company 
from 1924 to 1930. The complaints investigated by 
agencies other than the company itself are not included. 
The increase in the percentages chargeable to the power 
company in 1928, 1929, and 1930 was due to several 
causes. The first and perhaps the most important was 
the large number of a-c. receivers sold since 1928. 
Alternating current receivers being conductively coupled 
to the supply lines makes them more susceptible to line 
noises. Radio trade association’s investigations also 
started in 1928 and since they only cover metropolitan 
areas where the percentages of complaints due to power 
companies are the least, the omission of these com- 
plaints in the table also accounts for the increasing 
percentages shown since 1928. 
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The increase in the number of complaints shown in 
Fig. 2 is due to the increased number of radio receivers 
sold and in use, the increased sensitivity of the receivers, 
the publicity given radio interference investigations by 
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radio trade associations, and a greater desire on the 
part of the radio listening public for programs free from 
interference. 

The curve shows a definite seasonal trend, the peaks 
usually occurring during December or January. The 
increase during the winter months may be accounted 
for to some extent by the larger number of receivers 
sold at this time of year, especially at Christmas. 
People remain at home more during the winter months 
and spend more time listening to the radio programs. 
Many noises heard in the summer time are charged to 
natural summer static and no complaint is made. 
There is a tendency for the curve to flatten out more 
each year during the summer months showing people 
are spending more time than formerly listening to the 
summer broadcasting. 

Any interference producing device connected to the 
electric power supply network, for which utilities can- 
not be held responsible and over which the utility has 
no control, feeds radio frequency disturbances over a 
considerable portion of the utilities’ circuits. This is 
the responsibility of the appliance manufacturer and 
not that of the individual owner. In most cases the 
latter buys and operates such a device without knowl- 
edge of its causing interference. 

The responsibility for improper or inadequate in- 
stallations and for defective radio apparatus rests 
directly with the radio trade. The public’s responsi- 
bility is doing business with a reputable radio dealer 
and cooperating with the interference investigator. 


COOPERATION 


There ought to be close cooperation between parties 
responsible for radio interference in order that the best 
possible public service may be given in the most 
economical manner. 

Cooperative radio interference investigations have 
proved valuable in metropolitan areas where the general 
noise level is caused by a large number and variety of 
electrical devices. This is true to a greater degree in 
congested areas than in the less populated areas. 
Cooperative investigations usually are conducted by a 
radio trade association. The radio trade association 
can take the part of a neutral and unbiased party, 
locate sources of interference, regardless of its source, 
and properly place the responsibility. Under such a 
plan the power company, of course, loses its identity in 
the matter,.which may or may not be to its advantage. 
Cooperative investigations have been carried on success- 
fully in some parts of California for the past three years 
(1928-19380). 


COVERAGE OF BROADCAST STATIONS 


“Fair service broadcasting is roughly estimated by 
some at one mile for a 5-watt station, ten miles for a 
500-watt station and one hundred miles for a 50,000 
watt station, but 5 watts may be heard 1,000 miles on a 
winter night and any amount of power will usually 
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fade at 100 miles, all of which causes confusion and mis- 
understanding on the part of the uninitiated.” 

“Reliable service means good reception at all hours 
of the day and night throughout the year under the 
most favorable interference conditions. With inter- 
ference present, the distances will be greatly reduced.’ 

It must be remembered that from an interference 
standpoint the quality of reception is dependent on the 
ratio of modulated field strength to noise level. Various 
writers have suggested values for this ratio varying 
from 15 to 150. If 80 per cent modulation of the broad- 
cast wave and a noise of 30 microvolts per meter is 
assumed, the field strength required to overcome the 
noise would be from 565 to 5,650 microvolts per meter. 
If the ratio is assumed to be 100, then a field strength of 
3,750 microvolts per meter would be required. With 
these assumptions and the present power and location 
of broadcast stations in the west, only a small per- 
centage of the area can be receiving fair broadcast 
reception. 

In the San Joaquin Valley there is only one broad- 
casting station (100 watts) and that station (K. M. J.) 
is located at Fresno. The larger stations are located at 
San Francisco and Los Angeles at an average distancé 
of approximately 160 miles and 200 miles respectively 
from Fresno, and in both cases separated from the valley 
by mountain ranges. A broadcast field strength survey 
of this valley was made in the middle of November 
1930, readings being taken at seven different cities 
scattered throughout the entire length a distance of 
approximately 180 miles. The Pacific Telephone and 
Telegraph Company had made similar readings at two 
of the same locations in the month of September. From 
these readings a curve was made to show what field 
strength could be expected throughout the valley, if the 
whole survey had been made in September. Such 
curves for the largest San Francisco and Los Angeles 
stations are shown in Fig. 3. It should be noted that the 
rated power of K. P. O. is 5,000 watts as against 1,000 
for K. F. R. C. However, there is not a 5 to 1 ratio 
between their field strengths, but this ratio continues to 
become smaller as the distance from the broadcasting 
stations increases. The average field strength at Fresno 
of all the stations shown is approximately 130 micro- 
volts per meter. If the power of these stations were 
increased to ten times the present, this average field 
strength would then probably be something less than 
400 microvolts per meter, which would not give a 
sufficient ratio between signal and noise to provide 
coverage of this area. This is not peculiar to the San 
Joaquin Valley, but applies to all other sections distant 
from the two broadcasting centers, 7. e., San Francisco: 
and Los Angeles. 

Therefore, it will be seen that there is a need for 
better broadcast coverage in California. Table II 
shows the airline distances from the San Francisco 
area, where the most powerful northern California 
broadcast stations are located, to some of the larger 
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cities in northern and central California. A similar 
condition prevails in southern California, Oregon, 


Washington and Nevada. 
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“The rural listener of the west also has little choice 
of programs, due to the fact that radio stations in the 
fifth zone, which embraces two-fifths of the area of the 
United States, have been allocated only 65,000 watts 
power, while the stations in the other zones have power 
aggregating 525,000 watts. Perhaps too much thought 
has been given to population and not enough to area 
in the allocation of power and frequencies.” 
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The steady flow of current as in an arc light or rectifier 
tube under normal operating conditions will not cause 
serious interference. The air remains completely 
ionized and becomes a good conductor. A spark 
causing high-frequency currents may or may not be 
necessary for.the normal operation of the apparatus. 
The high-frequency currents are either directly radi- 
ated by the circuit in which the spark takes place or are 
transferred to another closely coupled circuit from 
which radiation takes place. When free to oscillate, 
the circuit in which the spark takes place and all 
coupled circuits oscillate at all frequencies in which 
the inductive reactance is equal or nearly equal to the 
capacitive reactance. 


If R > 2 L/C No oscillation 
IfR <2+/ L/C Oscillation 


The resistance of power circuits is generally low and 
therefore usually will oscillate in resonant parts or 
throughout when excited by a spark discharge. 
Interference originating on a 60-cycle primary circuit 
(2,300 to 25,000 volts) has in most cases a characteristic 
sound. The gap producing the interference breaks 
down near the peak of each half of the 60-cycle voltage 
wave and sets up damped high-frequency wave trains. 
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Fig. 3—Fietp STRENGTH OF BROADCASTING STATIONS 


SOURCES OF INTERFERENCE 

For analytical purposes, any source of radio inter- 
ference may be referred to as the influence; the ability 
of the receiving set to pick up and reproduce the 
interference, the susceptiveness; and the resistance of 
the path between the influence and the receiving set 
as the coupling factor. 

In general, any spark which causes a rapid change in 
current flow or the sudden discharge of a stored electro- 
static field will generate radio frequency currents. 


This excites the circuit 120 times per second on a 60- 
cycle system and the radiated wave produces 120 
vibrations in the telephone headset or loudspeaker. 
Interference from the higher voltage lines (25,000 volts 
and up) may best be described as a “roar.” This is 
due to numerous individual sources of interference 
differing in magnitude and occurring at different times. 

Interference from appliances connected to service 
lines has a different sound than the above mentioned 
cases, although supplied from a 60-cycle source of 
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power. These sounds may best be described as me- 
chanical. Examples of this type of interference are 
vibrating devices, thermostatically controlled appli- 
ances, brush motors, etc. Itis very difficult to describe 
sound in a satisfactory manner but an interference 
investigator learns the different types by experience. 
Interference originating on the low-voltage side of a 
distribution transformer usually causes trouble only 
to radio listeners supplied from this transformer or for 
a short distance on the high-voltage line side. 


At one time amateurs were blamed for considerable 
interference but have proved their innocence to a great 
extent. Furthermore they have shown a friendly 
spirit of cooperation in the elimination of interference. 


An attempt to list completely all sources of radio 
interference would result in repetition as far as funda- 
mental causes are concerned. Sources of interference 
may, however, be divided into the following general 
groups: 

1. Utilities. 

1. Electric power and light companies. 
2. Electric Railway companies. 
3. Communication companies. 


2. Industrial and Domestic Electrical Apparatus. 
Electric Light and Power Companies 


Transmission Lines—30,000 volts and higher. 

1. Brush discharge from conductor. This is not 
of major importance at present. It is due principally 
to roughness of the surface of the conductor. 

2. Suspension type insulators. This is not of major 
importance at present. The discharge comes from the 
gap between the metal cap and porcelain, and around 
the pin at the point of contact with the cement. 


The remedy is to provide sufficient clearance between 
cap and porcelain or fill the gap with a compound that 
will remain slightly plastic and will not crack. At the 
pin the metal should have no sharp edges or points 
and the cement should be smooth and even with the 
_ porcelain surface. Additional units can be used to 
keep the voltage across any unit below the critical 
interference voltage. If it is necessary to use corona 
shields, they should be placed so as not to allow a brush 
discharge to the porcelain. 

3. Bushings—Switch and Transformer.  Oil-filled 
or compound-filled bushings should give no trouble 
except in the possible case of potential transformer 
bushings where a pin connection is sometimes made. 
This connection should be made more positive as the 
oxidation on the pin causes a discharge to take place. 
Bushings with air columns for conductor space may be 
lined with metal if a close contact is made between the 
metal lining and the porcelain. If the conductor can 
be made a part of the bushing, the hole may be filled 
with metal filings of non-magnetic material, or with oil. 
If the conductor is to be removable, a split brass sleeve 
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will answer fairly well. Copper plating, if properly 
done, provides a very good result. Copper wire screen 
may be used with good results provided it is well 
covered with an insulating varnish. In all cases the 
metal must at some point make good contact with the 
conductor. Bushings to be used in connection with 
bushing-type current transformers should have a 
copper-plated surface from the supporting flange to a 
point over the cement ring joining the lower part of 
the outer porcelain tube and the adjacent tube. This 
acts as a static shield. 

4. Pin Type Insulators. There are several possible 
sources of radio interference involving pin type insula- 
tors. A great amount of work has been done to 
develop a new insulator that will not produce inter- 
ference, by metallic glaze, coating, etc. Inexpensive 
methods of treating insulators now in service would 
help the situation. 

5. Bond wires and hardware on wood pole con- 
struction. Bond wires should always be placed between 
double nuts and never next to the wood. Hardware 
should be so spaced as not to allow discharges, or it 
should be well bonded. 

Distribution Lines—5,000 Volts to 30,000 Volts. 

1. Hardware discharges. This can be cared for by 
changes in construction standards which provide for 
either greater separation or proper bonding. 

2. Air switches. Switches now in use can be bonded 
by the operating companies, and those being manu- 
factured can be provided with proper bonds by the 
manufacturers. Where iron caps are cemented to the 
tops of insulators in the making of these switches, 
sufficient clearance should be allowed between the 
lower edge of the iron cap and the porcelain. 

3. Transformers. Interference from distribution 
transformers is due to several causes and is corrected in 
most cases by changes in design, such as bushings, wind- 
ings, terminal blocks, etc., each type of trouble being 
somewhat peculiar to some location or climate. These 
troubles are being cared for on present installations by 
the operating companies and the new products are being 
put out by the manufacturers according to specifica- 
tions for the companies operating in the different 
localities. 

4. Fuses. Metal parts on fuses for this class of lines 
should be so placed that there will be no discharge from 
the metal to the porcelain, or between the different 
metallic parts. The fuse wire in this class of fuses is 
subject to what is sometimes called corrosion and when 
this takes place, discharge to the side of the fuse tube 
usually occurs. The only remedy for this trouble is to 
replace the fuse wire. This trouble does not seem to 
occur where the tube is filled with a nonconducting dust. 


Lines Under 5,000 Volts. 


1. Interference from this source is comparatively 
slight and not as important as that from the higher 
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voltage lines. Poor connections are responsible for 

many of these cases, and loose fuses account for many 

complaints. Old type demand meters cause consider- 

able trouble but there are comparatively few of them, 

they are easy to locate, and are being replaced very 

rapidly. 

General. As an aid to utilities and more especially 
to electric companies in the elimination of interference 
the following from an operating company may be a help- 
ful suggestion. 

Early investigations brought to light the many points 
at which radio interference originates on pole line struc- 
tures. In some cases the remedy was a change in 
standards to provide more clearance between the metal 
parts, and in other cases it was necessary to provide for 
proper bonding. In both instances it was found most 
advantageous to instruct the field forces not only by 
letter but by demonstrations and photographs. It is 
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somewhat difficult for the average man to believe that 
the noise which obliterates “Amos and Andy” comes 
from a spark smaller than a pinhead, and located be- 
tween the ends of two crossarm braces. Accordingly a 
pole top was equipped with dead-end construction, a set 
of inverted braces, high-voltage sign, space bolts, etc., 
arranged to cause radio noise. (Fig. 4.) This structure 
was placed in the transformer warehouse and energized 
from the high-voltage side of a bank of 5-kw. 11-kv. 
transformers. This was done at night, in the dark, in 
order that each man could walk by, see the spark, and 
hear the noise in a radio set located nearby. This 
demonstration accompanied with explanations was given 
before all district foremen, and also before the workmen 
in many of the district headquarters with excellent 
results. Along with this demonstration, instructions 
were given on the proper bonding of 11-kv. air switches. 
Sample jobs of bonding were placed on the floor, and 
near the ground on poles just outside of the warehouse. 
Photographs (Figs. 54 and 58) of these bonding jobs, 
together with instructions, were distributed and each 
district foreman posted these photographs and instruc- 
tions on the bulletin board for the workmen. 
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Electric Railways 


Many power companies either own or are vitally 
interested in street railways. Their sources of inter- 
ference are not numerous but very baffling. 


1. Commutator sparking on the truck motors can 
be reduced by increased maintenance. 

2. Compressor motor noise can be greatly reduced 
by making the connections so that the field goes to the 
trolley and the brushes to the track. 


3. Trolley contact. There is not much to be done 


B 
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for this except a more frequent turning down of the 
trolley wheels and greater maintenance. In some cases, 
a shoe has been substituted for the wheel and lubrica- 
tion of the trolley at the same time gives added relief 
from interference and longer life. This is only in the 
experimental stage at present. It would seem that the 
addition of grease would provide a means of partially 
smothering the small ares, as the grease is melted, and 
some further study along this line may prove produc- 
tive of good results. 

4. Rail contacts. The only means of reducing rail 
contact arcing is to keep the rails and truck wheels 
clean. This is simply additional maintenance. 


¥ 


March 1932 CAMPBELL AND KALB 


Commumcation Companies 

Various units of apparatus associated with com- 
munication circuits for giving telephone and telegraph 
service may be sources of radio interference, among 
which are ringing machines, pole changers, telephone 
typewriters and dial telephones. These possible 
sources of interference are being given considerable 
attention by the telephone companies and those which 
would be expected to cause interference are usually 
treated at the time of installation. Other cases are 
cared for when and if interference is experienced. The 
suppression equipment generally used consists of re- 
tardation coils and by-pass condensers, sometimes 
used with resistors, applied singly or in combinations 
according to the needs of the case. 


Industrial and Domestic Apparatus 


Radio interference from this class of apparatus may 
be divided into three types: First, that coming from 
commutating apparatus, 

Second, that coming from make and break contacts, 
and . 

Third, that coming from high-frequency apparatus 
such as violet-ray sets, diathermics and X-rays. 

1. Commutating apparatus can be corrected by the 
use of two series condensers across the brushes, with 
the center point grounded to the frame of the motor. 
In larger installations it may be necessary to install air 
core chokes in the leads. 

2. The make and break interference may be cor- 
rected by shunting across the contacts a resistor and 
condenser in series and in severe cases by the use of 
air core chokes in the leads. 

3. To-suppress the interference from high-frequency 
apparatus of this type it is usually necessary to have 
the room in which it is used thoroughly shielded and a 
suitable filter inserted in the supply leads. 

4. General. It is possible to purchase filters to 
correct practically all the troubles under this heading. 
The proper selection may be obtained by either con- 
sulting a reputable dealer or writing direct to the 
. manufacturer of these filters. 


PATHS OF RADIO INTERFERENCE 


In most cases radio interference is conducted and 
radiated by the power supply system. The distance 
conducted and radiated depends upon the power 
generating the spark, the width and resistance of the 
spark-gap, and the natural periods of oscillation of the 
power supply system and connected apparatus. The 
distance also depends upon the high-frequency im- 
pedance from line to ground. Transformers furnish 
a comparatively low impedance path to ground and a 
line with few transformers will carry radio interference 
a greater distance. 

The interference reaches the receiving set by direct 
conductive coupling through the power supply wires 
or by inductive coupling between the power supply 
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wires and the radio antenna-ground system, or by both 
paths. Some receivers pick up interference by the 
induction of interfering currents in the chassis of the 
receiver itself. The sensitivity of the modern radio re- 
ceiver makes it possible to operate on an inside antenna 
or on a low short outside antenna. An inside antenna 
increases the coupling to the power supply wires and 
in many cases the power supply wires bring in most of 
the broadcast signal. This close coupling also makes 
the set more susceptible to interference feeding over 
the service lines. There may be fading when other 
loads are switched off and on if the service lines are 
functioning as an antenna. The fading can often be 
overcome by putting up a high outside antenna, ground- 
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ing the power supply neutral wire at the entrance switch 
and in some cases tuning the house wiring with proper 
condensers. 


TRACING INTERFERENCE 


A radio interference test set is operated necessarily 
from a battery source. It cannot conveniently be 
connected conductively to the power supply system. 
This makes a highly sensitive test set necessary in 
order to pick up the weaker interferences. Some of 
the cases of interference with an a-c. receiving set 
cannot be picked up by a battery test set unless very 
closely coupled to the lines. Contrary to earlier 
beliefs, sources of interference cannot be located by 
means of triangulation. The directional property of a 
loop antenna can be made use of at points of line inter- 
sections or at taps. This sometimes enables the 
operator to determine the circuit causing the inter- 
ference. 

The attenuation of high-frequency currents along 
wires does not follow the law of radiated electro- 
magnetic field at right angles to the wires. Due to 
discontinuities of line constants, and reflection of 
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waves, there is a development of unequally spaced 
nodes and antinodes of intensity. The intensity is 
sometimes greater a mile from the source of trouble than 
near its immediate source. Changes in intensity of 
interference are caused by resonant points, variation of 
distance from wires, presence of metal structures near 
lines, reflection phenomena, ground wires, tap lines, 
right angle corners, changes in line configuration, etc. 
Due to changing weather conditions and to the chang- 
ing characteristics of the spark, there is also a daily 
variation of the intensity of. interference. Fig. 6 
shows the effect: of some of these conditions. The 
intensity at the source is less than at other points 
where measurements were taken. There is a rapid 
increase in intensity in each direction along the line 
up to 350 ft. from the source. At 3,800 ft. there is a 
tap line. The intensity increases rapidly at this point. 


Fig. 7 shows the characteristic curve taken on a line 
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insulated with pin-type insulators. It is interesting 
to note the peak, occurring at 25 ft. This is found 
on all such curves but the reasons are not definitely 
known. 

In locating interference the usual procedure is to use 
an intensity method. The effect of noise upon the 
human ear is not a straight line function and the ear 
cannot be depended upon accurately. A close inspec- 
tion of equipment and the use of low-frequency explor- 
ing apparatus at suspected points usually shows the 
source of trouble. An investigator learns to keep on 
the right track by noting changes taking place at 
various locations as he drives along the line. 

Experience is an important advantage in favor of the 
interference investigator. He must have a maximum 
of patience and persistence in actually tracing sources of 
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interference. He should also be a man capable of 
meeting and intelligently talking to the public. 


ELIMINATION OF INTERFERENCE 


In general, the most satisfactory method of over- 
coming interference is stopping it at its source. From 
the power company standpoint, good radio construc- 
tion and maintenance of power lines are important in 
order to avoid creating new sources of interference, thus 
forestalling future complaints. If the source of inter- 
ference cannot be corrected, filtering at the source or 
isolating sections of lines by low-pass filters may be 
the best possible solution. Preventing the spread of 
interference by filtering transmission and distribution 
lines may not be practical from an economical or operat- 
ing standpoint. Further study of the application and 
design of filtering devices is needed as each individual 
case may require special consideration. 

The elimination of radio interference from industrial 
and household electrical devices can best be done at the 
factory by the manufacturers of such devices. Some 
manufacturers are and have been for some time aware 
of the radio interference problem and have taken steps 
to overcome it. 

A method sometimes successfully used to overcome 
interference from all electrical sources, when the maxi- 
mum noise pickup 1s from the service lines, is the use of a 
filter in the power supply lines at the receiver. In such 
cases a high outside antenna with a shielded lead-in and 
shielded ground connection must be installed in addi- 
tion to the filter. This method of eliminating inter- 
ference will not be satisfactory when the greatest part of 
the noise is picked up on the flat top part of the antenna. 
When no shielded lead-in is used it is very important 
to keep the lead-in and ground wire as far away from 
the interior house wiring as possible. Radio ground 
connections to steam pipes should be avoided and in no 
case should gas pipes be used. Where possible to install, 
a good independent ground rod is reeommended. 


CONCLUSIONS 


From the foregoing it is easily understood that there 
is no simple solution for the interference problem, but it 
must be dealt with in a spirit of cooperation by the 
utilities, electric manufacturers, and the public. The 
interference from electric power supply systems is well 
in hand except for the troubles originating on high- 
voltage lines. Although filters on power lines have been 
suggested their use is yet very questionable. Manu- 
facturers have a great opportunity in the sale of radio 
noise-proof appliances and apparatus. The public can 
aid by insisting upon such appliances. 

In congested areas, radio trade interference associa- 
tions have proved valuable to all concerned, while in 
the less thickly populated areas clearing interference 
is still left principally to the utilities. Increased broad- 
cast coverage is very desirable to offset thenatural noise 
level in many of the large areas now having low-field 
strengths as new and additional noises will always be 
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experienced. Continued cooperative effort on the part 
of all concerned is undoubtedly the best solution to this 
problem which has come to be paramount to millions 
of people depending more and more on the radio for 
entertainment and education. The expression that the 
United States is becoming “‘noise conscious” may very 
appropriately be applied to the radio listening public. 


Bibliography 


1. Marriott, “Coverage of Broadcast Stations,” Proc. I. R. E., 
Aug. 1929. 

2. Lafount, Report of Commissioner Jan. 16, 1928; Report 
of the Federal Radio Com. 1928. 

3. Electronics, Statisties, March 1931. 

4. Serial Report of Ind. Coord. Comm., National Electric 
Light Association. 


Discussion 


J. J. Smith: The large increase in complaints recorded in 
Fig. 2 of Messrs. Campbell and Kalb’s paper is, I think, typical of 
the experience of many power companies and shows that the 
solution of the problem of radio coordination is still in the future. 
The authors have given a list of sources of interference which is 
very similar to lists given elsewhere. It is to be regretted that 
they were not able to amplify their observations on these sources 
by the addition of field strength data of the type given in Figs. 3, 
6 and 7, measured in cases where trouble was experienced and 
also after remedial measures had been applied. 

Our experience to date would seem to show that in one case a 
complaint may involve a disturbance with a field strength of the 
order of 10 microvolts per meter, in another 100 microvolts per 
meter, and in another 1,000 microvolts per meter. Which of 
these complaints is a legitimate one? This is a question which 
many are asking and at least one public utility has already taken 
the position that it will not accept responsibility for complaints 
unless the broadeast signal strength at the point of reception is 
of a reasonable level. The criterion used at the present time is 
that the disturbance must be of sufficient intensity to interfere 
with the reception of the nearby stations. 

About five years ago changes were made in a piece of appara- 
tus so that when it was tested in close proximity to the radio sets 
being manufactured at that time no noise was heard in the set. 
In general, such changes cost money and make the apparatus 
more expensive. With the introduction of more sensitive sets in 
the last few years complaints have been received that disturbance 
_ to radio reception has been caused by some installations of this 
apparatus. Should it be changed again to conform to present 
conditions with every likelihood that something further will have 
to be done in another few years? 

These points are mentioned to show that the question of re- 
sponsibility is more involved than would be assumed from the 
three last paragraphs in the section entitled ‘‘Responsibility”’ 
in the paper. 

It has been apparent for a considerable time that the problem 
eannot be solved by the power companies nor the manufacturers 
of power apparatus nor the manufacturers of radio apparatus 
acting alone. Cooperation among these interests and with 
others will be necessary. To further such cooperation a Joint 
Committee on Coordination of Radio Reception of the N.E.L.A., 
N.E.M.A. and R.M.A. has recently been organized with a view 
to studying the problem as a whole so that the public may have 
the use of power and radio facilities in the most economical 
manner. Similar joint work on coordination of power and tele- 
phone systems which was described in a series of papers at the 
A.I.E.E. Winter Convention, 1931, has given very gratifying 
results and it is to be hoped that the work on radio reception 
will be equally successful. 
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The work being done by the authors can be of considerable 
value to this Committee if carried out in a quantitative manner 
so that the measurements in one locality can be compared with 
those in another. From such measurements and similar ones 
made by other investigators reasonable practises to be followed 
by power companies, manufacturers of power and radio appara- 
tus, ete., will gradually be evolved. 


Leonard F. Fuller: Table I of this paper shows a marked 
increase in the percentage of radio interference cases due to the 
power company within the last few years, whereas the percentage 
due to other causes has remained substantially constant, and 
that of cases clearing themselves has decreased to approximately 
one-half of the 1924 figure. 


I ask the authors for an explanation. Offhand one would ex- 
pect the percentage due to the power company to decrease with 
accumulated experience. The reduction in the percentage of 
cases clearing themselves seems entirely logical. 

Referring to the ratio of field strengths of K.P.O. and K.F.R.C., 
it should be noted that field strength varies as the square root of 
the radiated power, and not in direct proportion to the rated 
power. In the ease of these stations, one would expect a 1/5 to 1 
ratio between their field strengths provided the powers radiated 
from their respective antennas have the same ratio as the station 
kilowatt rating, namely, 5 to 1. This would be the case if their 
antenna effective heights and resistances were equal. Unex- 
pected reduction in field strength ratio with distance as observed 
by the authors is probably explained by the many factors affect- 
ing attenuation with distance. 

One of the authors informs me that a 5 to 1 field strength was 
mentioned merely because many engineers erroneously believe 
field strengths are directly proportional to station power rating. 

J. O’R. Coleman: There are a few conclusions drawn in this 
paper relating to the subject of radio interference and revenue 
with which I do not entirely agree. 

On page 82 the authors estimate that the revenue to the central 
station industry from 15,000,000 radio receivers amounts to 
about $100,000,000. The total revenue of all light and power 
companies of the United States, from domestic consumers for 
the year 1930, amounted to $668,500,000. According to esti- 
mates of the National Electric Light Association, based on in- 
formation collected from a few representative power companies, 
the revenue to power companies for the whole of the United 
States, to be credited to radio receiving sets, is now between 
$30,000,000 and $35,000,000 per annum. The electric refrigera- 
tor, electric range and the electric flat iron are appliances which 
account for much larger annual revenue than the radio receiver. 
The radio receiver, of course, gives a very substantial and de- 
sirable revenue but it cannot be considered as outweighing all 
other uses of electricity, either in importance from the central 
station standpoint, or in importance to the ultimate consumer 
who uses the electricity for the above appliances as well as vac- 
uum cleaners, washing machines, toasters, fans, percolators, ete. 

Then there is the question of definition of interference as ap- 
plied to radio. Apparently the authors of this paper consider 
that interference is any electrical disturbance which will prevent 
satisfactory radio reception more or less regardless of any of the 
many other factors that enter the problem. Consideration of 
interference is as old as civilization itself. We all recognize that 
we have to restrain some of our liberties in order that we can live 
with other human beings. There were questions of interference 
between railway bridges and steamships in the early days of 
transportation. Practically all electrical engineers are more or 
less familiar with the many problems relating to interference 
which have confronted the power and telephone industries since 
their very beginning. These problems have not all been solved 
to this day, but both industries, by recognizing duties as well as 
rights, have been able to develop their extensive and now in- 
dispensable systems without any undue burden placed on either: 
by the requirements of the other system. The telephone com- 
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pany would not even try to render its service in the city of 
San Francisco with the ground return circuits which at one time 
were considered not only the last word in communication systems, 
but practically the only way that a commercial telephone system 
could be operated. In the study of the coordination of power 
and telephone systems we have found that the problem naturally 
divides itself into a study of influence of the power system, a 
study of the coupling between the two systems, and a study of 
the susceptiveness of the telephone system. In the principles 
and practises between the National Electric Light Association 
and the Bell Telephone System, it is recognized that each indus- 
try will limit these factors so far as necessary and practical. It 
appears to me that the same treatment could be applied in the 
handline of radio coordination. Of course, there must be a 
limitation of disturbing fields, but there must also be some limita- 
tion of the susceptiveness of the radio receiver and of the coupling 
between the radio receiver and other electrical systems. 

Electrical disturbances which in no way affected the radio sets 
of five or six years ago, today are frequently complained of as 
serious sources of interference. Technically, it is possible to 
increase amplification of signal strength very much further than 
is practised today. The present limitations on increase in am- 
plification, are the noises produced by the agitation of the mole- 
cules of the conducting material. If this is to be the limit of the 
radio receiver for which other uses of electricity are to be held 
responsible, we will certainly place a serious burden on power, 
light, communication and transportation. 

The authors state that it is the responsibility of the appliance 
manufacturers to see that all appliances are completely free of 
radio interference. The same individuals pay for appliances that 
pay for radio sets, for communication service, and for power 
service. The authors have pointed out the particular problem 
which exists in the San Joaquin Valley, due to low field strengths. 
However, they advocate that the increased cost of appliances be 
forced upon all consumers in order that this problem, which is 
confined to limited localities, may be eliminated. Suppose that 
the filtering devices which are advocated for vacuum cleaners 
should add only one or two dollars to the cost of vacuum cleaners. 
This would add a serious increased total cost of appliances to the 
public. It isa question as to whether such a cost is justified. 

Recognizing that this problem was not to be solved by placing 
an undue and unnecessary burden upon any one class, the Radio 
Manufacturers Association approached the National Electric 
Light Association and the National Electrical Manufacturers 
Association, to enter with them in a joint study to determine the 
best overall solution of the difficulty. This joint committee, 
with seven representatives from each of the three industries con- 
cerned, has had several meetings and is now working on this 
problem. This committee does not hope to find a solution for the 
problem today or tomorrow, but it hopes to find a solution which 
will be fair to all parties concerned, and give the best overall 
economy to the publie which we are all striving to serve. 


Broapcast CovERAGE 


F. B. Doolittle: The need for better broadcast coverage in 
California as pointed out by Messrs. Campbell and Kalb, is 
made more apparent by inspection of a map of the state in which 
the areas enjoying reasonably good reception are designated and 
may be compared with the total area of the state. This map 
(Fig. 1) was prepared by the Railroad Commission of the State 
of California, which, after an extensive investigation, over a 
year’s time, submitted it as a part of its report to the Governor 
on “Interference with Radio Broadcast Reception in the State of 
California,” under date of December 1, 1930. 

There is little doubt that California has a sufficient allotment of 
broadcast power and frequencies to serve the area adequately, 


but the geographical distribution is such that reliable service is’ 


not available to large areas and actual inconvenience is worked 
upon other places by an excessive number of stations in thickly 
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populated centers. There are eighteen broadcast stations in the 
metropolitan area of Los Angeles, all of them trying to serve the 
same group of people. One of these stations broadeasts “Amos 
and Andy,” yet many listeners in this area must receive this 
popular program from a station one hundred thirty miles away 
because of inability to separate this program from that of other 
local stations. Would it not be a blessing to all concerned if 
some of these eighteen stations could be relocated to render 
service where service is needed? 


ELIMINATION OF INTERFERENCE FROM INDUSTRIAL AND 
Domestic APPARATUS 
To cope successfully with the problem of elimination of inter- 
ference from industrial and domestic apparatus, a definition of 
radio interference is required. Such a definition is difficult to 
formulate because, for example, a series motor-driven household 
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appliance may interfere with radio reception in a whole neighbor- 
hood in a region of low broadeast signal strength and yet its 
operation at a location close to broadcast stations may cause no 
complaint. It is agreed that corrective measures are required on 
such apparatus in some locations, but is it economically sound to 
add to the cost of all appliances for the benefit of radio reception 
in certain areas where they might be used? The ideal answer to 
this would be to develop non-radio interfering apparatus at no 
additional cost. If this is not possible, a definite limit of the 
permissible amount of interference might be established by means 
of sufficient economic research. 

The use of filters with appliances where necessary is an obvious 
solution of this problem which possesses the advantage of being 
applicable to appliances now in service as well as to new ones. 
However, tests made with simple filters or rather radio frequency 
shunts consisting of two one-tenth microfarad condensers in 
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series across the motor brushes with the common point con- 
nected to the motor frame proved them to be only partially 
effective. The average reduction in radio frequency voltage 
generated by five different appliances with this method was 81 
per cent at 1,200 kilocyeles and only 67 per cent at 600 kilocycles. 
A more elaborate filter consisting of series inductances and shunt 
capacities reduced the radio frequency voltage an average of 98.6 
per cent but the retail cost of this filter was 60 per cent of the 
average price of the appliances and more than three times the 
price of one of them. 

From the foregoing it will be appreciated that this problem of 
radio interference from industrial apparatus and household 
appliances is not one which can be simply dismissed by putting it 
up to the manufacturers to provide such equipment with con- 
densers, but is rather a problem involving many technical and 
economic aspects which can only be solved satisfactorily by co- 
operative research involving the public, the electrical manu- 
facturers, the radio industry, and the central stations. 


RESPONSIBILITY 


The authors have pointed out the increase in interference com- 
plaints brought about by the increased sensitivity and suscep- 
tiveness of modern radio receivers. Since this is true, a partial 
solution would consist of limiting those properties of receivers to 
a certain degree. The susceptiveness of receivers due to conduc- 
tive coupling to the power supply circuits can be largely elimi- 
nated by proper shielding and filtering by the manufacturers of 
the receivers. As proof of this statement it is only necessary to 
refer to several popular receivers which are so constructed that 
without an antenna no interference or broadcast can be tuned 
in. Limiting the sensitivity to a reasonable degree would compel 
the installation of an adequate antenna which when well located 
would react favorably on the signal to noise ratio. Since many of 
the sources of interference have existed for years and would 
require very large expenditures to correct, it would seem only 
reasonable that the radio industry, the new-comer in the field, 
should shoulder its portion of the burden by cooperating to the 
extent of seeing that sets are designed and installed with antenna 
and ground systems of minimum susceptiveness. This calls for 
education of retail dealers and their installation men. 

The authors have truly sounded the keynote in the situation 
when they eall for ‘‘close cooperation between parties responsible 
for radio interference in order that the best possible public service 
may be given in the most economical manner.” 

F. E. Terman: The difficulties that are encountered in tracing 
down and eliminating sources of radio interference produced by 
high-voltage lines make it of interest to know exactly what this 
interference consists of. Mr. Overacker who is registered in our 
Electrical Engineering Department has done considerable work 
during the past year on interference problems in cooperation 
with Mr. Kalb. He finds that in the immediate vicinity of the 
trouble which generates the radio interference the disturbances 
received by the radio receiver may be caused either by radiation, 
or by induction through inductive or capacitive coupling be- 
tween the radio antenna and the transmission line, but that at 
some distance down the transmission line from the source of the 
noise the interference is received only by direct coupling with the 
transmission line. A consideration of the factors involved indi- 
cates that this is a highly reasonable result, as the radiated field is 
inversely proportional to the distance from the radiator and 
so dies out relatively rapidly with distance, as is indicated by 
Fig. 7 of the paper, whereas the high frequency currents propa- 
gated along the line by ordinary transmission line action for great 
distances before being appreciably attenuated, but do not pro- 
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duce radiation and so cause interference only by direct coupling. 

R. N. Stoddard: In order to coordinate radio interference 
satisfactorily, it is essential that a method of measurement and 
a unit of measurement be standardized. This work is now in 
progress through the Joint Coordination Committee on Radio 
Reception of N.E.L.A., N.E.M.A., and R.M.A. 


It is recognized that the degree of interference may be ex- 
pressed by the ratio of the useful energy to that which is dis- 
turbing or interfering, and that the degree of interference may be 
modified by a change in this ratio. Interference may be mini- 
mized by either an increase in the useful energy or by a decrease 
in the disturbing energy. Considerable studies have been made 
of field strength associated with individual broadcasting stations. 
Some studies of interfering levels have been made by various 
central stations and utilities. All available data are being col- 
lected and coordinated by the Committee and it is hoped a base 
unit of reference can be arrived at which will be satisfactory to 
all. This figure will determine the permissible degree of inter- 
ference based upon a certain minimum serviceable field strength 
from a broadeasting station. 


The authors point out that in general the most satisfactory 
method is to overcome the interference at the source. It is felt, 
however, that this should not be taken too literally as prevention 
of interference at its source may not only be more expensive than 
other methods, but might be impossible at the present state of 
the art. 


The authors’ conclusions state that the use of filters on power 
lines is yet very questionable. This is in sharp contrast to the 
sentiment and practises of several utilities in the east. It is felt 
that the application and use of filters on power circuits have been 
eminently successful in preventing interference in telephone cir- 
cuits, carrier current channels, and radio broadcast receivers. 


Filters have been applied to the neutrals of generators directly 
feeding transmission lines to prevent the harmonic frequencies 
disturbing telephone communication circuits. They have also 
been quite generally applied to mercury are rectifiers for the same 
purpose. High-voltage transmission lines have been filtered to 
prevent interference between power line carrier communication 
channels on the same or adjacent interconnected systems. 
Filters have also been used to simplify high frequency charac- 
teristics of complicated transmission line networks. 


Remarkable success has been achieved in filtering radio fre~ 
quency interference from transmission lines particularly where 
some individual line is coupling the interferences to the secondary 
or distribution circuits. While it is realized that filters are not 
the general solution to all interference problems, they have formed 
a successful and economical solution in many eases of trans- 
mission line troubles. It is therefore felt that the application 
of filters to transmission lines should not be considered as 
questionable. 

Cc. C. Campbell and H. N. Kalb: Dr. Fuller points out the 
rapid increase in the percentage of radio interference complaints 
due to the power company within the past few years, as shown by 
Table I. This increase was caused by the omission from the table 
of complaints investigated by Radio Trade Associations in metro- 
politan areas since 1928. In metropolitan areas the percentage 
of complaints due to the power company is considerably smaller 
than in other areas. 

Mr. Coleman advises that the estimated annual revenue from 
radio sets was $35,000,000 instead of $100,000,000, as estimated 
in the paper. This estimate was made with reports of Pacific 
Coast Companies as a basis, and may not apply to other parts of 
the country. 


Backfires in Mercury Arc Rectifiers 
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Synopsis.— Mercury arc rectifier design of today was arrived 
at in an endeavor to reduce the frequency of backfire. Efficiency 
and cost are sacrificed to obtain sufficient backfire immunity. 

Study of backfires in actual rectifiers and laboratory tubes indi- 
cates that this occurrence is a random one. Backfires differ in kind 
from other breakdown phenomena because they do not occur with 
certainty after some definite limitation has been reached, and in fact 
no limit can be chosen above which or below which backfires will or 
will not take place. 

The state of a rectifier in relation to backfiring must be described 
in terms of a backfire probability, or average rate of backfire. There 
are no commercial tank rectifiers for which the mean frequency of 
backfire is absolutely zero, but some probably reach the low value of 
one per several years. 

The significance of the random nature of backfire on the rating and 
testing of rectifiers is discussed, and suggestions are made as to 


‘ 
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means for testing which lead to the determination of the true quality 
of a rectifier. 

Data are given.showing the variation of the backfire rate with 
current and voltage. The application of these ideas to research and 
development is illustrated by several examples. 

The theory of the formation of a backfire is described, and back- 
fires are attributed to ‘‘causes’’ which lead to the formation of a 
cathode spot on an anode, but which do not correspond to any funda- 
mental limitation of the rectifying process. Several suggestions are 
made as to the exact nature of these causes. 

The time duration of these causes has been found with the cathode- 
ray oscillograph to be very short, of the order of a few microseconds. 

The authors dispute the theory that there is a continuous transition 
from a discharge of the glow form to that of the arc, at least in the 


case of the backfiring of mercury arc rectifiers. 
* * * * * 7 


Section I 


INTRODUCTION 


N a normally operating mercury arc rectifier, each 
| anode carries a large current when it is at a positive 

potential with respect to the cathode and only a 
small current. of the order of a few milliamperes when 
it is at a considerable negative potential with respect 
to the cathode. It was found early, however, that 
with the simplest and most obvious constructions this 
normal operation was not reliable, and moreover acted 
in an erratic way. An anode would function properly 
cycle after cycle over a greater or lesser period of time, 
and then suddenly fail to hold voltage when negative 
in some particular half cycle. Such failures of anodes 
to bear negative voltage and thus cause short circuits 
are called arc-backs or backfires. 


The causes of these backfires are not at all well 
understood even today, but it was found early that 
certain constructions greatly reduced the likelihood of 
their occurrence. Thus it was found that provision of 
adequate means for cooling the rectifier, moving the 
anode away from above the cathode, the use of shields 
around the anodes and grids interposed in the are path 
to the anode, and the exercise of extreme care with 
respect to cleanliness in assembling the rectifier and 
the removal of all foreign gas to the highest possible 
degree, all reduced the backfire probability. Thus 
practically the whole design of present-day rectifiers 
is based on the endeavor to reduce the frequency of 
occurrence of backfires and this has caused many of 
the advantages to be sacrificed which might be expected 
from the application of the normal characteristics of the 
mercury are to the rectifier problem. It seems clear 
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that research for the purpose of advancing the applica- 
tion of mercury arc rectifiers must be largely directed 
to a study of the nature of backfires so that means may 
be devised for reducing the frequency of their occur- 
rence without losing the attractive features of mercury 
are conversion. 


Section IT 


BACKFIRE—A RANDOM PHENOMENON 


The erratic manner of occurrence of backfires thrusts 
itself upon the attention of all who have to do with 
rectifiers; not only upon erudite research men in the 
laboratory, but also upon operators in the field. Yet 
the great significance of this erratic behavior is not 
realized; and its implications as to the operation which 
properly may be expected, as to the correct rating of 
rectifiers, as to the testing of rectifiers, and as to the 
appropriate methods for research and development do 
not seem to have been generally grasped. 

It must be recognized that except for backfires due to 
certain grosser causes, some of which will be mentioned 
later, backfires are inherently random phenomena.* 
They differ in kind from other breakdown phenomena, 
or at least they differ so greatly in degree as to be prac- 
tically different in kind. Let us compare, for example, 
the backfiring of a rectifier with the breakdown of a 
spark gap in air at ordinary pressures. As the voltage 
on a spark gap is gradually raised a point is reached 
where the spark gap breaks down. If voltage is again 
applied to the spark gap and is raised up to a point 
just short of the voltage at which the previous break- 


*Since this paper has been written, a paper has been published 
in the Revue Generale de L’Electricite of June 6, 1931 and of 
June 13, 1931 by M. Leblane and Demontvignier, which also 
cites the random nature of rectifier backfire. Furthermore a 


. recent. review of patent literature by the authors disclosed a 


patent of Chas. A. Kraus (U.S. No. 1,086,300) which refers to 
the random nature of backfire. 
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down occurred, then the spark gap will not break down. 
The spark gap will bear this lower voltage indefinitely 
without breaking down. If, however, the voltage is 
raised slightly above that at which breakdown occurred 
in the first test, the spark gap will at once break down. 
No matter how often this test is repeated the spark gap 
will be found unable to support the higher voltage for 
any appreciable length of time. 

Now consider the backfire in a rectifier. As the load 
upon it is increased there will be a point where a back- 
fire occurs. If now the load is reduced below this value, 
will the rectifier function indefinitely without backfire? 
Not at all. Backfires also occur at the lower load at 
random moments. If the load is lowered still further, 
backfires still occur at random; much less frequently 
it is true, but they still occur. Conversely if the load 
is increased above the critical value found in the first 
test, will backfire occur at once? Not at all. The rate 
of backfire occurrence is increased, but the rectifier may 
carry the higher load for one minute or for ten minutes, 
or maybe only for one second, depending seemingly on 
chance as to how long the run can be without backfire. 

Thus backfires in a mercury arc rectifier seem to 
occur not under definitely limiting conditions, but under 
all conditions in their random manner, with an average 
frequency which depends upon the conditions of opera- 
tion, and the construction. 

_ Inherently and fundamentally random or erratic phe- 
nomena are well knownin physics. They usually involve 


- aggregates of a small number of molecules making 


up small particles of matter. An early example of such 
phenomenon is the Brownian movement.* Brown, an 
English naturalist, discovered with his microscope that 
very fine particles of matter suspended in aliquid were in 
a state of continual motion moving about in a random 
helter-skelter manner. Such motions are also observed 
on smoke particles in the air. The explanation of these 
motions is that the number of molecules of the surround- 
ing liquid or gas which collide with the one side of the 
particle may not, at a particular moment, agree with 


’ the number of molecules which collide with the other 


side of the particle. Thus there are continual unbal- 
anced forces upon the particle arising from these col- 
lisions of the molecules of the medium and because of 
the smallness of the mass of these particles under these 
forces, the particle is given a random motion. In the 
motion of the particle under the Brownian movement, 
displacements of the particle in various directions are 
continually taking place. Moderate displacements 
happen frequently, large displacements less frequently, 
and very large displacements only very rarely. How- 
ever, thereis no sharp limit as to what displacement may 
occur. It is merely that the probability of occurrence 
of a displacement becomes small when the displacement 
becomes large. If the size of the particles is increased, 
the magnitude of the displacements occurring as a result 
of the Brownian movement becomesless. However, large 
displacements continue to occur, but less frequently 
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than with the small particles. When the particle be- 
comes of ordinary size, say like a billiard ball, then the 
Brownian movement becomes exceedingly minute, and 
deviations from the normal motion of the ball under the 
gravitational field predicted by every day mechanics, 
become generally indistinguishable. However, a con- 
siderable deviation from the regular motion should 
continue to be expected, but with the frequency of 
occurrence so low that it should be expected to occur 
only at a rate of once in tremendous eras of time. 


Another more modern example of an inherently 
random phenomenon is the disintegration of radium. 
The atoms of radium explode, but apparently in an 
entirely random way so that in one short interval of 
time a large number of molecules may explode and in 
another short time interval only a small number of 
molecules may explode. The scintillations which are 
observed on suitable screens in experiments with radium 
are visible evidence of the random character of the 
radioactive decomposition. 

The backfires are also inherently random occurring 
phenomena and probably likewise depend for. their 
occurrence upon aggregates involving relatively small 
numbers of atoms, molecules, ions, or electrons. 


Section III 


DISTRIBUTION OF BACKFIRES IN TIME. 
FREQUENCY OF BACKFIRE 


MEAN 


The entirely random occurrence of backfires in 
time may be illustrated by the curve, Fig. 1, which was 
obtained with a small metal tank rectifier in the 
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laboratory with all controlling conditions maintained 
as nearly constant as possible and with a constant — 
direct current to one anode and a constant test voltage 
on the other. This curve cries out that the occurrence 
of backfire is a matter of probability. 

‘In concept at least we may define the probability of 
backfire of a rectifier in a particular condition, and 
during a short time interval Atin this way. Imaginea 
large number N of tests made with a rectifier under 
identical conditions, the duration of each test being the 
short time interval At. Suppose that in a certain 
number of these tests n, backfires occur, but not in the 
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nN 
others. Then Me will be the probability of occur- 


rence of a backfire in the time Af?, and if we write 


n 
ep 
then p is the probability of backfire per unit time for 
the rectifier in the particular condition. 

It is shown in Appendix I that if the probability of 
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backfire of a rectifier operating under constant condi- 
tions remains constant, and if the time intervals be- 
tween successive backfires are observed, then the pro- 
portion of these time intervals which is greater than a 
time interval t will be given by e-?‘; that is, 


or 


where M is the total large number of intervals 
between successive backfires observed and m is the 
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number of these intervals which are greater than 
tin length. This relation has been confirmed experi- 
mentally by D. E. Marshall using a glass tube with 
voltage higher than that necessary for maintaining a 
glow with results shown in Fig. 2, and by F. A. Max- 
field for a metal tank rectifier with a constant current 
are going to one anode and with test voltage on the 
other at a value insufficient to maintain a glow by itself, 
with results shown in Fig. 3. 


From the equation above which gives the distribution 
of time intervals between successive backfires, we find 
, i 
that the average interval is eae This average inter- 
val is not the interval of most frequent occurrence. 


There is no tendency for backfires to occur at anything 
like regular intervals. As a matter of fact short 
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intervals occur more frequently than the average, 


The average frequency of backfire per unit time 


is p, and p T is the average number of backfires in the 
time T. 

The state of a rectifier with respect to backfire is 
then properly described when a mean frequency of 
occurrence of backfire is given and it cannot be de- 
scribed by saying that the rectifier is operating below or 
above backfire limits, inasmuch as there are no definite 
backfire limits. ‘The average frequency of backfire is a 
function of the construction of the rectifier and the 
conditions under which it is operating. Thus, under 
light load the probability of backfire or the mean 
frequency of backfire is small and under overload the 
mean frequency of backfire is large. But this does 
not mean that the rectifier will never backfire on light 
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load or is certain to backfire in a particular finite time 
interval on overload. 

Of course for practical purposes a sufficiently small 
frequency of backfire is just as good as zero frequency 
of backfire; for example, a rectifier with mean frequency 
‘of backfire of one per ten years will be more reliable 
than the other electrical apparatus working with it 
and far more reliable than the human beings operating 
it. The backfire frequency of successful rectifiers in 
the field seems to be of the order of several per year. 


Section IV 


TESTING OF RECTIFIERS 


The purpose of commercial tests on rectifiers is to 
determine their quality and to make sure that they 
come up to standard; but the quality with respect to 
backfire propensities must be determined in terms of an 
average backfire rate. Since the average backfire rate 
is very low for commercial rectifiers, the determination 
of this rate by the usual tests under normal conditions 
is practically impossible. 

As an example, suppose that a considerable number 
of rectifiers were made with such uniformity that the 
average backfire rate for each rectifier was one per month 
on normal load; suppose that the manufacturer tested 
each rectifier on normal load for one month, which is an 
impractically long test. Then,as shownin Appendix II, 
37 per cent of the rectifiers probably would not backfire 
during the test and 26 per cent would backfire twice or 
more often. Thus, although all of the rectifiers were of 
uniform quality and although the test was impractically 
long, 87 per cent would appear to be above the average 
quality and 26 per cent below. Testing under normal 
load for short time is only good for reliably weeding 
out rectifiers with exceptionally large backfire rate; 
and at the same time such tests will occasionally reject 
good rectifiers. 


The way out of this dilemma seems to be to test the 
rectifiers not under normal conditions, but under such 
abnormal conditions as will make the backfire rate 
countable in a reasonable time and to have sufficiently 
well established data to permit extrapolation for deter- 
mining the backfire rate under normal conditions. For 
example, if the dependence of backfire rate upon test 
voltage is well established for any particular type of 
rectifier, the tests on such a rectifier might be made at 
such overvoltage as will give a considerable number 
of backfires in one day. The extrapolation to normal 
voltage will give backfire rate to be expected under 
normal conditions. 


Section V 


SHORT TIME RATING OF RECTIFIERS 
In many fields of application of rectifiers, as for 
example, electric railways, it is desirable that the 
rectifiers be capable of carrying overload for relatively 
short periods of time. Dynamo electric machines, 
transformers, etc., inherently have overload capacity 
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because the limitation to their load carrying capacity 
is usually determined by the temperature of insulation 
and because it takes time for the various parts of the 
machine to acquire their final temperatures under 
overload. 

But with the mercury arc rectifier it is different. 
It is true that the temperatures in a rectifier may 
change in time with overload so that the rectifier may 
get progressively worse from the standpoint of reli- 
ability. But apart from such progressive changes, be- 
fore the temperature and vapor pressure have changed 
appreciably, the rectifier is immediately less reliable on 
being overloaded. This fact may not be recognized 
because of the shortness in time of the usual overload 
tests and because of false analogy with other types of 
electrical machines. As an example, increasing the load 
upon a rectifier to 150 per cent of normal might be 
expected to multiply the average backfire rate by per- 
haps ten. If we assume the rectifier is thus overloaded 
10 per cent of the time, then if we take the multiplying 
figure of 10, this overload operation will double the 
number of backfires per year. If we should take a 
multiplying figure of 100, it will multiply the number 
of backfires per year by 11. This reduced reliability 
under overload will exist in spite of the fact that the 
rectifier successfully goes through the overload period 
day after day without any apparent distress. 


Section VI 


THE VARIATION OF BACKFIRE RATE WITH CURRENT 
AND VOLTAGE 


The preceding discussion has brought out the great 
practical value of knowing how the average backfire 
rate may be expected to vary with such control factors 
as voltage and current. Regarding the dependence 
upon voltage, Fig. 4 shows the results obtained with a 
small metal tank, two-anode rectifier whose dimensions 
and circuit are illustrated in Fig. 5. Current was kept 
flowing to one anode and negative voltage was con- 
tinuously applied to the other. Grid glow tube relays 
were used to record automatically the backfires upon a 
counter.* 

The average backfire rate seemed to vary exponen- 
tially with the voltage giving approximately a straight 
line on the logarithmic scale shown in Fig. 4. The tests 
were repeated at various times and different straight 
lines were obtained as the quality of the rectifier 
changed for unknown reasons. All the lines obtained 
lay between the dotted lines shown in Fig. 4. 

Some data on the variation of backfire rate with 
current are given in Fig. 6. The two-anode metal tank 


*When a backfire occurred, the charged condenser from which 
the negative voltage was obtained, discharged through the tank. 
This discharge current was limited by resistance to a value of a 
few amperes. After the backfire was completed, the condenser 
recharged so that negative voltage was then again applied to the 
anode. The data were obtained by counting the number of 
backfires in periods of 30 minutes duration. The tank tempera- 
ture was held constant at 10 deg. cent. during the entire test. 
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rectifier illustrated in Fig. 5 was again used. Constant 
test voltage was applied to one anode and the current to 
the other anode was varied. 

In applying the results of this experiment: to rectifiers 
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operating in a-c. circuits, it might seem that sufficient 
importance is not attached to the moment immediately 
following the change in direction of the voltage applied 
to an anode, as it may be thought that backfires occur 


most frequently then. However, experience shows that 
this is not the case, so that even if the probability of 
backfire is high at the moment of voltage reversal, the 
shortness of this moment more than makes up for the 
magnitude of the probability with the result that back- 


fires appear to occur more often sometime later than the — 


reversal rather than immediately after it. 
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Section VII 


APPLICATION TO SOME RESEARCH PROBLEMS 


The difficulty encountered in determining the proper 
rating of rectifiers by tests under normal conditions of 
reasonable duration is also met in researches whose 
purpose is to determine the relative merits of various 
constructions or materials entering into rectifiers. For 
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example, consider the question of material for anodes. 
Graphite anodes are now used by many manufacturers 
in metal tank rectifiers, but iron anodes are also 
used extensively. The practise does not seem to be 
uniform, and may be changed as a result of longer tests. 
The reason for this uncertainty is the lowness of the 
backfire rate with either material which made short-time 
tests under normal conditions inconclusive. Since the 
inadequacy of the short-time tests was not realized, 
incorrect conclusions were frequently drawn. 

The solution again seems to be to test under such 
conditions as will give an easily countable backfire rate 
and then to extrapolate to normal conditions. Hence 
some tests were made under the authors’ direction on 
iron and graphite anodes with sufficiently high-test 
voltage as to give a very large backfire rate. The small 
metal tank rectifier (Fig. 5) was used. One anode was 
of iron and the other of graphite and both were shielded 
in a similar manner. An arc was carried to one anode 
and test voltage applied to the other and the backfire 
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rate counted. Then the are was carried to the second 
anode and test voltage applied to the first. The results 
indicate that fewer causes of backfire appear with 
sraphite, in a given period of time, but the difference is 
not greater than day to day variations with only one 
material. 

From the standpoint of the tendency to backfire 
alone, the results are very clear. There is no great 
advantage of either material over the other. If the 
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relative merits of graphite vs. iron anode keep this 
relationship when the voltage is lowered to normal, 
then an answer is obtained to a question which would 
require many years of observation on many rectifiers to 
determine under normal conditions. 

Another example of the application of these ideas is in 
determining the relative merits of cathodes of thermionic 
type as compared with cathodes of the conventional 
mercury pool type generally used. In recent years 
thermionic cathodes have become available with suf- 


Fie. 8—SxercuH or Tuse Havina Poot anp THERMIONIC 
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ficient current capacity and sufficiently long life to 
make it possible to consider their use in power mercury 
are rectifiers. It is certainly highly desirable therefore 
to determine whether thermionic cathodes have any 
great advantage over the pool type with respect to 
backfires. A glass tube was therefore constructed as 
shown in Fig. 7, containing both a thermionic cathode 
and a mercury pool cathode. An are was run between 
each cathode and the anode A, and test voltage applied 
to A. The results obtained are shown in Fig. 7. There 
is apparently no difference in the backfire rate for the 
two kinds of cathode for this tube. 

With another tube shown diagramatically in Fig. 8, 
quite different results are obtained as to the relative 
merits of thermionic vs. pool cathodes, as shown in the 
following table. 


Back current 


Are current Volts on A; milliamperes Breakdown rate 
7 Sampo PoAgse ec te oO, O00 Na. seis tae ee ea aa 0 in 10 min 
7. Samp. GAAS se ears C000 Soee= .scecneas 1 eR area ret 5 in 10 min 
YAP Pe 5019 0 ee yy 2 Co remark Ar A es 8,000\fE2 seer en AL EANG Ra 29 in 10 min. 
7. 5iamps (Cs Agy, .. oe 8 000K Betehmacae: Pye oe en ee ee 725 in 10 min. 


The difference in performance of the tubes is prob- 
ably due to differences in shielding of the anodes from 
exposure to the cathode. The thermionic cathode thus 
seems to possess the advantage that much less shielding 
is required with it. 
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Section VIII 


BACKFIRES FORBIDDEN BY GENERALLY ACCEPTED 
THEORIES 


It is quite clear that in practical rectifiers there will 
be certain grosser causes of backfire which will not occur 
in the random way described in the previous sections. 
For example, a conducting deposit may form over the 
insulator between the tank and the anode. Such a 
conducting deposit may start an arc in the same way as 
a blowing fuse wire, when negative voltage is applied 
to the anode. Such deposits may be expected to 
develop in a more or less regular way with time, and 
will not therefore cause backfires which occur in a ran- 
dom manner. Conducting deposits of this kind and 
other grosser causes of backfire can be avoided by proper 
design and suitable maintenance of a rectifier. 

We wish to leave out of further account such grosser 
backfire causes and to consider only the backfires that 
occur away from the insulator surfaces. Direct ob- 
servation shows that in well constructed and treated 
rectifiers, backfires take place not over insulators nor 
at the junction of anodes with insulators, but directly 
at the anode surface which is carrying current to the 
mereury vapor. 

According to present available theories of the cathode 
of an arc, backfire should never occur without some 
initiating circumstance which is foreign, not inherent, 
or not necessary to the kind of discharge which is taking 
place just before the backfire. An arc is to be distin- 
guished from a glow in that only a low voltage less than 
20 volts is required at the cathode for its maintenance. 
A glow on the other hand is a self-maintaining discharge 
which requires at least several hundred volts at the 
cathode. 

In mercury arc rectifiers, generally the construction 
and vapor pressure is such that it is not possible to hold 
a self-maintaining glow with the available negative 
voltage which is impressed on the anode. However, 
with normal negative voltage on one anode and an are 
playing to another anode, a current flows to the nega- 
tive stressed anode in a discharge which does not differ 
in any essential way from a glow. This discharge differs 
from the glow only in not being self maintaining; 
that is, if the arc to the other anode is stopped, then 
this discharge stops, whereas if conditions are such as 
to permit a glow, then the glow continues even if the 
arc to the other anode is stopped. It is possible, as 
by increasing the vapor pressure, to change the dis- 
charge continuously from the non-self-maintaining 
form to the self-maintaining glow without any great 
discontinuity in appearance or properties of the dis- 
charge. In fact the only way to tell whether a self- 
maintaining glow has formed is to stop the are current 
to the other anode and see whether the discharge stops. 
In what follows we shall make no distinction between a 
self-maintaining glow and the non-self-maintaining 
discharge, but shall refer to them both as the back- 


current discharge. The current in the back-current dis- 
charge is generally quite small, only a few milliamperes 
for the usual size anode in commercial rectifiers. The 


enna 


current is distributed over the anode surface rather — 


uniformly. Shields, grids and in general any surfaces in 
proximity to the anode to which ions may discharge 
greatly lower the back current to the anode. 

A backfire consists in the sudden substitution of an 
are for the normal back-current discharge. Somehow 
the conditions for the maintenance of the cathode of an 
are must suddenly set themselves up. The conditions 
required at the cathode of an arc as predicted by present 
theory are such as should not occur spontaneously so 
far as the intrinsic characteristics of the back-current 
discharge go. The conditions required at the cathode of 
an are, according to present theories, call for either a 
very high temperature or a high-current density.! 

If a temperature at some point of the cathode surface 
reaches a value sufficiently high for thermionic emission 
to take place to a considerable degree, then an are 
may form. For graphite or iron this temperature is 


greater than 2,000 deg. cent., but with the low-current — 


density in the back-current discharge it is impossible 
to obtain such a temperature so long as the current 
remains uniformly distributed. 


Another circumstance which would start an arcis — 


the development of a sufficiently intense electric field 
at the cathode surface which would draw electrons out 
even though the surface was cold. Such a field must 
have a magnitude of 1,000,000 volt per cm. or more. 
Clearly this field must be maintained by a large concen- 
tration of positive ions near the cathode surface and 
it turns out that the current density corresponding to 
any such large positive ion concentration must be 
several thousand amperes per sq.cm.2. But the current 
density in the back-current discharge is only a few 
microamperes per sq. ¢m. 

It might be thought that if sufficiently small areas 
of the cathode surface are considered, spontaneous 
variations in current density in the small areas would 
give rise to such values as would give either the intense 
field or the high temperature necessary for forming the 
cathode of an are. For instance, if an area a little 
larger than the section of a single positive ion is con- 
sidered, then the current density to it is zero most of 
the time and rises to enormously high values during the 
moment when a positive ion strikes it. However, it 
is not permissible to consider such small areas. Experi- 
ment shows that the cathode of an arc on electrodes of 
usual size is unstable when the current in the arc is 
less than 0.05 amperes* and that it will change spon- 
taneously to the glow form of discharge. Therefore, 
we must consider areas sufficient to supply more than 
0.05 amperes of arc current. With the current density 
of 5,000 amperes per sq. cm. such an area would need 
to exceed 10-° sq. cm. As is shown in Appendix III, 


1. For references see Bibliography. 
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fluctuations in the field intensity over such an area, due 
to fluctuations in the density of positive ions opposite 
the area, will cause field intensities of a magnitude 
sufficient for drawing out electrons so rarely as to 
fail utterly to account for the observed frequency of 
occurrence of backfires in rectifiers. 

Scrutiny of the back-current discharge through the 
spectacles of the present theories of the cathode of an 
arc fails to reveal the causes of backfire, but in this 
scrutiny the cathode surface was regarded as being 
the homogeneous surface of a perfectly homogeneous 
solid. The possible influences of contaminations on 
the surface and flaws in the electrode material must then 
be considered. But before doing this, some interesting 
experiments carried out by D. E. Marshall are given 
below. 


Section IX 


BACKFIRES INITIATED BY PARTICLES MAKING OR 
BREAKING CONTACT 


A tube was constructed as shown in Fig. 9. The 
electrodes were of graphite. Near the cathode was a 
glass plunger with a tungsten tip fused into it 0.075 
centimeters in diameter, and 2 millimeters long. The 
plunger could be operated magnetically so as to strike 
the cathode, remain firmly in contact with the cathode, 
or be moved out of contact with the cathode. A small 
amount of liquid mercury was in the tube and the vapor 
pressure was controlled by placing the tube in an oil 
bath whose temperature could be varied. 

Voltage was applied to the tube from a condenser 
which was charged from a transformer by means of a 
thermionic rectifier. When sufficiently high voltage 


was applied, a glow started in the tube which was quite 


stable and carried a small current and requiring the 
continued application of the high voltage. The glow 
was quite stable if the plunger did not touch the cathode 
and also when the plunger was firmly in contact with 
the cathode, but if the plunger was made to strike the 
cathode, at the moment of contact with the cathode 
there would be a flash and the condenser would be 


‘completely discharged, indicating that an are had 


formed with a very large momentary current. Similarly 
at the moment of breaking contact with the cathode 
there was a backfire. Thus making or breaking con- 
tact of the cathode with a small piece of completely 
insulated tungsten wire will cause a backfire. 

The cause of the backfire is to be sought in the very 
high-current density at the last contact point. Al- 
though the little piece of tungsten collects an exceed- 
ingly small back current, this back current must flow 
to the cathode through the last contact area. As the 
contact area shrinks to zero the small current collected 
by the tungsten wire gives a very high-current density 
at the last contact and a very rapid rise in temperature 
to a high value must take place there. There is 
undoubtedly an explosive volatilization of material 
there with a momentarily very high vapor density 
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and this vapor probably is almost completely ionized. 
This would permit a high-current density to flow from 
the gas space to the electrode with enough total current 
to start a stable arc. 

Marshall has also made tests showing that making or 
breaking of contact of cathode with small mercury 
drops will cause backfire. Contacting with good insu- 
lators, however, did not seem to cause backfire. 


Section X 


CAUSES OF BACKFIRES 
The preceding section suggests a host of possible 
causes of backfires. A very obvious one is contacting 
mercury drops thrown from the pool cathode. Proper 
shielding of the anodes should almost completely 
eliminate this cause for backfire, but it is possible that 
occasionally a small droplet subject to Brownian 
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movement may reach the anode in spite of the shield. 
Small conducting particles of any metal carried around 
by the mercury vapor streams may contact with the 
anode and cause backfire, as, for example, a small 
piece of iron rust or scale. This is an argument for the 
greatest care in cleanliness in assembly of rectifiers. 
Particles may detach themselves from the anode 
itself. It is well known that under the influence of the 
back current the anode suffers a very slow disintegration 
and loss of material known as sputtering. While the 
sputtered particles may consist in large part of indi- 
vidual molecules, it is believed that larger particles are 
also detached,‘ although they may be subsequently 
volatilized in the discharge itself. When a sufficiently 
large particle detaches itself a backfire may occur. 
Irregularities in the size of sputtered particles may 
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perhaps be expected to occur spontaneously even in the 
absence of any impurities on the electrode surface or 
in the electrode material. However, the presence of 
such impurities should tend to greatly increase the 
irregularity of sputtering and make the detachment of 
large particles more frequent. ‘Thus if there is a small 
amount of gas in the metal the distribution of this gas 
should not be expected to be a uniform one, but subject 
to considerable fluctuations in local density due to 
the smallness of the actual gas content so that a small 
area of the electrode may be momentarily rich in gas 
and in such a state that a large particle may be detached. 
This suggests that advantage is obtained by removing 
gas from the electrodes as thoroughly as possible. 

It may not be necessary for a large particle to com- 
pletely detach itself from the electrode. If the particle 
makes poor thermal contact with the electrodes, then 
under the influence of the back current it may be raised 
to a high temperature in spite of the low-energy input 
density and a backfire may be started. 

From this discussion on possible backfire causes 
it would be expected that the magnitude of the back 
current is important. If the back current is large, 
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then the particle size necessary to cause backfire will 
be smaller and particles of such size will occur more 
frequently. If the back current is large, the sputtering 
of the electrode will be more rapid and large particles 
are more likely to be detached or loosened. Any means 
which reduces the back current to the electrode such 
as grids, shields, etc., must also reduce the frequency of 
occurrence of backfire and experience shows this to be 
the case. 

Another cause of backfire suggested by Langmuir® 
is the formation of insulating patches on the electrode 
with dielectric failure of the patch as it gets charged up 
by back current. These patches are made up of 
impurities, oxides, or what not and because of the small 
amount of material in their make-up their development 
to large sizes will be a random occurrence. Other 
experimenters also have surmised the existence of such 
insulating layers.® 


Section XI 


DURATION OF BACKFIRE CAUSES 


The random manner of occurrence of backfire as well 
as considerations of the preceding section make us 
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believe that backfire causes involve only a small 
amount of matter. Since the amount of matter 
involved is very small, we should expect also that the 
time involved by backfire cause would be very small. 
This is verified by a cathode-ray oscillograph study 
made by F. A. Maxfield. 

The cathode-ray oscillograph was of the type 
developed for lightning investigation and has been 
described elsewhere. The circuit used is illustrated in 
Fig. 10, the Norinder relay functioning to cause the 
oscillogram to be taken immediately after the starting 
of a randomly occurring backfire. The small two-anode 
metal tank was used. An arc of 75 amperes flowed to 
one anode and 2,400 volts were applied to the other by 
a charged condenser. In series between this condenser 
and the anode under test a resistor of 28,800 ohms was 
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Figs. 11 anp 12—Catruopr-Ray OscintoGrRaMs SHOWING TIME 
DvuRATION OF BACKFIRE CAUSES 


placed. The purpose of this resistor was to keep the 
current too low to maintain an are even though the 
backfire cause made the voltage from anode to cathode 
fall to a low value. Thus it was expected that the 
voltage on the tested anode which would fall to the 
low value during the existence of the backfire cause 
would return to normal when the backfire cause ceased. 

Oscillograms of the voltage across the tested anode 
are shown in Figs. 11 and 12. The recovery of normal 
voltage began to take place in an exceedingly short 
time, usually less than 5 microseconds from the time 
the backfire cause started. The finite slope of the 
recovery curves shown in the figures is due to the 
electrostatic capacity of the potentiometer by which 
the oscillograph was connected to the rectifier. The 
initial drop in voltage upon the occurrence of the back- 
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fire cause does not appear upon the oscillograms be- 
cause of the slight lag in operation of the Norinder relay 
circuit. A check of this circuit showed that the delay 
was less than 3 microseconds so that the whole duration 
of backfire cause was less than 5 microseconds. Out 
of 500 oscillograms taken with this arrangement, only 
one backfire cause was found to be of long time dura- 
tion. It appears in Fig. 12 as a line which is practically 
horizontal and represents low voltage for the duration 
of the film. This particular backfire may have been 
a failure over the insulator surface. 


Section XII 


TRANSITION FROM GLOW TO ARC 


The transition from glow to arc is of great theoretical 
interest and has been studied by physicists apart from 
its application to mercury arc rectifiers. Many believe 
that the transition is continuous; namely, that as the 
current density is increased in the glow, the voltage 
will stop increasing and will decrease continuously down 
to arc voltages. This has been established experi- 
mentally for tungsten electrodes under circumstances 
where the glow could heat the tungsten up to tempera- 
tures sufficient for thermionic emission.” ” 


But for non-refractory electrodes or electrodes under 
such circumstances that they cannot reach temperature 
for thermionic emission under the glow conditions 
applying up to the moment of experimentally observed 
transition, it is hard to explain a continuous transition 
since the transition occurs while the glow current 
density is very far less than that corresponding to an 
arc. Furthermore, the transitions appear to occur in 
an erratic or random manner which is not compatible 
with the idea of a continuous transition. 


A continuous transition was believed to have been 
observed by Schrum and Wiest* with a copper cathode 
in air at atmospheric pressure. However, since back- 
fire causes may be of such short duration and may occur 
with very great rapidity, it is possible that the con- 
tinuous transition believed to have been observed by 
these investigators was really a rapid alternation from 
regular glow to a low-voltage discharge maintained by a 
backfire cause, the frequency of alternation being be- 
yond the capacity of the oscillograph used to follow. 

The transition is frequently attributed to a speck of 
impurity on the cathode, having a lower thermionic 
work function, that is, electron emission at a lower 
temperature than the other cathode material. This 
idea is in better accord with the random occurrence of 
the transition since these specks are thought of as being 
of an accidental origin. However, it is just as hard to 
account for the transition on a cathode of low work 
function as on one of high, if, as is usually the case, the 
energy in the glow is insufficient to raise the cathode 
temperature by an appreciable amount. It seems to 
the authors that more important than low work function 
at the speck is poor thermal or electrical contact of the 
small particle with the cathode and that transition may 
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occur discontinuously and at random even with elec- 
trodes of the highest degree of purity and due entirely to 
irregularities in the manner of sputtering. 


Section XIII 
CONCLUSION 


1. Backfires in mercury arc rectifiers are inherently 
random phenomena. There are no fundamental 
limitations of the rectifying process beyond which 
backfires may be said to occur, and within which they 
may be said not to occur. 

2. The proper appreciation of the nature of backfire 
requires that the quality of a rectifier be determined and 
expressed in terms of its probability to backfire, or its 
average rate of backfire. Clearly the present methods 
of testing rectifiers at both full load and overload are 
insufficient to determine its true quality. 

3. Research, and the development of mercury arc 
rectifiers may be greatly aided by the use of means for 
producing backfires at an abnormally large rate, so that 
the mean frequency of backfire can be determined in a 
reasonable length of time. 

4. The idea of random backfire agrees very well with 

the random way in which backfire causes would be 
expected to take place, based on the best present 
knowledge of what these causes may be. 
5. The duration of these backfire causes is very 
short, usually less than 3 microseconds. This indicates 
a very small amount of material involved in the forma- 
tion of a cathode spot, on an anode. 

6. The transition from glow to arc in the mercury 
are rectifier is also found to take place in a random 
manner, and since this fact is incompatible with a con- 
tinuous transition, the transition must be accepted as 
discontinuous. 


Appendix I 
During a long period of testing of a mercury arc 
rectifier, a number of time intervals between successive 
backfires will be observed. If the backfires take place 
in a random manner, what percentage of these intervals 
will exceed a given time ¢? Let m be the number of 


intervals which exceed the time ¢, and then Pe will be 


the fraction of the total exceeding the time ¢. 


m 

To find uM” 
fire per unit time, which is p. The probability of back- 
fire in the time ¢t is pé. Now suppose that this time ¢ is 
divided into a large number of subintervals At. The 
chance of having a backfire during anyone of these sub- 
intervals is p At. The chance of not having a backfire 
during the first subinterval, A ¢, is therefore (1 — p Azt,). 
The chance of not having a backfire during the first two 
consecutive subintervals is 


(li— pAt) (— pAb) 


we must know the probability of back- 
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The chance of having no backfire during the first q con- 


secutive subintervals is 
(1—pAt,) QG—pAt.)...Al—pAtqd 
If we make the subintervals equal to each other, 
CL puny 


is the chance of having no backfire during the first q 


t 
subintervals. In the time?, there are ‘igi subintervals 


and therefore: 


t 
m — 
uiiien lim (1 — p At)®’ 
At 0 
To evaluate this expression as A ¢t approaches zero, it 


may be expanded. Then, 


(1) 


t 
ae t 
Cp hb) oe Nee Ae . 
ee 1) 
ieNenSe : . 
4 51 p? (A t)? 


Sate ee ae 


As A tapproaches zero, (2) becomes 
(p t)? 


(2) 


(p t)® 


t 
lim. (1 — » At)** 


At>0 Sse ee Fe 
(3) 
But 
(p t) (p t)® 
Hence 
m 
Baer °) 


This expression may also be obtained by solving the 
differential equation 


dm 


me a 


(6) 
and using the terminal condition that 
m= M 
i= 0 

Appendix IT 

Suppose that a large number of rectifiers N is tested, 
and that it is known that the probability of backfire of 
each is p per unit time. If the rectifiers are tested for 
unit time, what percentage of them will be expected to 
give no backfires? This percentage may be found by 


when 


(7) 


substituting in equation (5). For example let » = one 
per month, and lett = onemonth. Then, 

n 1 100 96:7 : 

abe rie Pi. ke (8) 


During this test, how many rectifiers will be expected 
to backfire exactly once? Let R be the number of 
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rectifiers which, at a time ¢t, have backfired. exactly 
once. Then, 
dR 


=npdt—Rpdt (9) 


and 


Be th DN oe 


(10) 


if for n, its value from equation (5) is substituted. 
Solving the equation (10) 


R=pNte-? + K e- 


in which K is a constant of integration. 
condition is 


(11) 
The terminal 


R = 0 whent = 0 (12) 


Substituting this condition, and using the value found 
for K; 


r= pa hex? (13) 
Sie ee 
or the fraction Fae which will backfire exactly once 
during the test is 

hE ee (14) 

Again using the numerical values p = 1 andt = 1; 
oR 9S) leis 100s ate taaaaen 
Wp ae 


Thus if 36.7 per cent do not backfire at all, and 36.7 
backfire once, during a test of one month, 


100% — 36.7% — 36.7% = 26.8% 
will backfire twice or more during the test. 


Appendix III 


FLUCTUATIONS IN THE GRADJENT AT THE SURFACE OF 
AN ANODE 

The average gradient at the surface of an anode 
during the period of back voltage may be calculated 
from Poisson’s equation, upon the assumption that 
the positive ion. current to the anode is limited by 
space charge. If the initial velocity of the positive 
ions at the boundary of the space charge sheath is 
neglected, if the ions make no collisions within the 
sheath, and if the anode is considered a plane, the cur- 
rent, voltage, and gradient relations at the anode 
surface are, 


BAD <0 OVE 


0V A SV 
ST ee = 3 Vy 1/4 yi/4 1/2 
Shes (aedars 5 TK OR Ve een 
where d is the space charge sheath thickness in centi- 
meters, 7 is the positive ion current density in amperes 
per cm.’, V is the anode potential in volts, and M, is the 
molecular weight of the ions. 
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The average gradient at the anode is also given by 


OV 


~— =47Ne 


au (2a) 


where N is the total number of positive ions in the 
space charge sheath opposite one cm.” of the anode 
surface. Then random fluctuations in the number of 
ions in the space charge sheath opposite an element of 
area AA will cause fluctuations in the gradient over 
AA. What is the probability that the average 
gradient will be multiplied by a factor p, sufficient for 
high-field electron emission to occur? 

According to Poisson’s Law, which will apply in 
this case with sufficient accuracy, the probability of n 
ions occurring over an interval A A, where the expected 
number of ionsis N A A, will be 


nN! (3) 


In order that a field of the desired magnitude exist, 
m=pNAA. For purposes of calculation N! may 
be evaluated by Stirling’s formula 


Noa on” €-* (4) 
Making these substitutions, the probability of a field 
high enough for electron emission occurring over any 
area A A is 


ef? —-1)NAA 


(5) 
Of course, actually the distribution of positive ions is 
continually changing; but a good idea of the fluctuations 
may be obtained if it is considered that any configura- 
tion of positive ions endures for a time At, then sud- 
denly changes to a different configuration. At is 
made equal to the time of transit of a positive ion 
across the space charge sheath. Thus, the number of 
occurrences per second, over the entire anode, favorable 
for the development of a backfire is 


akg “ 
AA (6) 


At 
_ Atmay be calculated, on the basis of the assumptions 
used previously, from 


y= 


a? x dV 
Wee todas @) 
dV CR makers 
"halie ar ae pe ee (8) 
(ar) 
So, 
Pe 
eo 5 = 6 (2/8 2/9 ( os ) eee rae W ond) 
Integrating twice 
1/3 1/ 
y- (=r) (=) j1/3 4 (10) 
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Thus, 
di /3 


a ae Le 
@/s me( 2) 
M 


or, putting in numerical values, and substituting from 
(1) 


M,\4 yil4 


i= > x10 ase (11) 


As typical data, the following may be taken: 


Peak Anode voltage = 1,600 volts 
Anode current = 10 milliamperes 
Anode area = 625 em.2 


Current density = 1.6 « 10-* amperes per cm.? 

For mercury, M,) = 200. So, from equation (2), at 
the anode surface 

OV 

Ox 


= 545 volts per cm. 


In order for an appreciable number of electrons to be 
emitted from cold metals, theory indicates that a field 
of 5 x 10’ volts per cm. is needed. It is hardly con- 
celvable that surface irregularities can multiply the 
field by more than a factor of 100. So, at least a field 
of 5 x 10° volts per em. must result from random 
fluctuations before backfire can occur from this cause. 
The value of p then is 1,000. 

The value of N, from equation (2a), is 3 X 10%, 
while from equation (11), At comes out 3 x 10-°. 

In order to make the probability come out as large 
as possible, we shall assume that an anode bears the 
peak inverse voltage continually. From equations 
(6) and (5) the average number of backfires to expect 
per second per anode due to fluctuations in the field, 
will be 


Y= 


625 e999 X 3 X108 A A 

AA (227 X10003 108 A A)? 10001 x? x 108AA 
bere oe 
a X10 


If we take A A = 10-°, which seems to be a reasonable 
figure, approximately 

y= Lis 104 2-997 X 108 1000-2 108 _. 10-7:7 X 108 
Thus, the average time between backfires, on this 
hypothesis, would approach 1077 years. 

Suppose A A is made 3.3 X 10-°, so that N AA = 1. 
Then, 

y = T8710 e 1000- 


Bes 10-755! 


The average time between backfires would be about 
10”°** years. 7 
From these calculations, it seems impossible that 
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Overvoltage on ‘Transmission Systems Caused 
by Dropping Load 
Discussion of Means of Limiting Such Overvoltage with 
Particular Reference to the Use of Generator 


Voltage Regulators 
BY E. J. BURNHAM+* 


Associate, A. I. E. E. 


Synopsis.—In a previous article: the author showed the manner 
in which under different conditions the voltage on transmission 
systems will rise due to the dropping of load, and described some 
means of limiting the voltage rise to avoid overstressing insulation. 
This paper describes further means of limiting the voltage wnder 


such conditions, considering first an improved type of regulator and 
wheatstone bridge main exciter field rheostat and second, as an 
alternative, a method of automatically inserting resistance in the 
alternator field circuit. Tests are described which show the effec- 
tiveness of these methods of limiting the voltage. 


INTRODUCTION 


T is generally understood that total or partial loss 
of load on waterwheel driven generators or hydro 
stations frequently results in undesirable voltage 

rise, and that in such cases it is desirable to limit the 
voltage rise to avoid overstressing the insulation of 
generators and connected apparatus.! 

In the past this has sometimes been accomplished by 
use of overvoltage, overspeed or overfrequency relays 
which automatically open the field circuit and trip the 
generator from the line or bus when the voltage or 
speed reaches a predetermined value. This is a very 
effective way of limiting the overvoltage, but it has a 
disadvantage if several units are in the station because 
after the machines are separated, considerable time is 
_ lost resynchronizing the units and getting them back in 
service. 

It has long been recognized that generator voltage 
regulators are beneficial in reducing the generator 
voltage at times when load is lost, but with the older 
type of excitation systems and regulators which insert 
a series block of resistance in the main exciter field 
circuit, the voltage reduction which could be produced 
_ often was not adequate either in magnitude or prompt- 
ness. However, with improved voltage regulators and 
the use of excitation systems as now developed, it is 
possible to hold the generator voltage within desired 
limits when load is dropped. 

The purpose of this paper is to show how the voltage 
on a waterwheel generator or hydro station may be held 
within reasonable limits at a time when full load is 
_ suddenly lost without opening the field circuits of the 
machines and tripping them from the line or bus. 

Tests made on a 47,000-kva. generator at the Spier 
Falls Plant of the New York Power and Light Corpora- 
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tion are described in which use was made of a newly 
developed generator voltage regulator and a wheatstone 
bridge type of main exciter field rheostat, making it 
possible to reduce quickly the generator field current 
and thereby limit the generator voltage. 

Tests made on the same generator are also described 
showing the possibilities of limiting generator veltage by 
inserting resistance automatically in the alternator 
field. 

It is often desirable to determine the overvoltage 
characteristics of a generator or station under different 
conditions before the station is built or completed in 
order that suitable precautions can be taken in the 
design period. For this reason a method of calculation 
is included in the appendix, the results of which check 
very closely with tests. 


TEST CONNECTIONS 


Fig. 1 shows a simplified diagram of connections used 
in the tests taken at the Spier Falls Station. The 
generator is rated 47,000 kva., 81.8 r. p. m., 60 cycles, 
13,800 volts, 0.80 power factor, and the direct-connected 
main exciter, 264 kw., 250 volts. The field of the main 
exciter is excited from a 6-kw., 250-volt, compound- 
wound direct-connected pilot exciter. The main exciter 
is compound wound, but, as tests were desired for a 
shunt-wound exciter, arrangements were made to 
insert, by use of a switch, an 0.08-ohm resistor in the 
alternator field circuit, which would change the time 
constant of the circuit to a value that would simulate 
that of a shunt-wound main exciter. 

The generator is connected to the 110-kv. bus through 
a bank of transformers rated 47,000 kva. There being 
no low-voltage bus or circuit breaker, load was always 
dropped in the tests, by tripping the high-voltage 
transformer circuit breaker. 

A six-element oscillograph was used on which the 
following currents and voltages were recorded: 

1. 60-cycle timing wave. 
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31-140 
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2. Alternator armature current. 
3. Main exciter field voltage. 
4. Alternator armature voltage. 
5. Main exciter armature voltage. 
6. Alternator field current. 


REGULATOR EQUIPMENT 


The main control element of the regulator known as 
the FA-4 is shown in Fig. 2 and the high-speed relays 
X and ¥Y in Fig. 3. 

The regulator may be used with a wheatstone bridge 
main exciter field rheostat as shown in the diagram, 
or with a series type rheostat. 

The wheatstone bridge rheostat, Fig. 1, is suitable 
for use with synchronous condensers or other machines 
where the excitation range is broad and it is desirable 
to reduce the main exciter voltage to a very low value 
or reverse it, or where it is desirable to reduce the exciter 
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Fig. 1—D1agram or CoNNECTIONS FOR TESTS AT SPIER FALLS 
STATION 


voltage very quickly as in the case under consideration. 

Arms marked A are operated simultaneously by 
motor M. The arms marked B are operated simul- 
taneously by handwheel and are used for adjustment to 
give the desired voltage reduction when the high-speed 
relays X open. In the case under consideration a 
setting was made such that when relays X opened the 
main exciter armature voltage was reduced to a negative 
value of approximately 10 volts. 

The primary control element of the FA-4 regulator 
consists of a three-phase torque motor to the rotor of 
which are attached two pairs of contacts. Both front 
and rear contacts make contact with disks connected 
to a shaft driven at constant speed by a small a-c. 
motor. The front disk has cam-shaped teeth while the 
rear disk is smooth. 

Secured to the shaft of the torque motor is an arm to 
which is attached a spring which balances the torque 
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of the torque motor. The arm also carries a paddle 
which is immersed in a vessel of oil, producing the 
required damping action. 


OPERATION OF REGULATING EQUIPMENT 


- This regulator remains inoperative with both pairs of 

contacts out of engagement as long as no change in 

excitation is required. For slight changes in voltage 
8 


pa he of “$4% 


HRN bee 


Fig. 2—Front View, Typn FA-4 Reguiator 


only the front contacts L1 and Ri and the motor- 
operated field rheostat are affected, the action being a 
‘notching’ one varying from a single brief impulse to 
practically continuous operation of the motor, depend- 
ing upon the correction required. Only for greater 


Fie. 3—Hicu-Sprep Rexuays ror Use with FA-4 ReGuLatTor 


changes in voltage do the back contacts L 2 and R 2 
and the high-speed relays come into action maintaining 
the voltage until the motor-operated rheostat has moved 
to a position corresponding to the required excitation. 
The notching action of the front contacts in conjunc- 
tion with the intermittent operation of the rheostat 
prevents over-travel of the latter and consequent 
hunting. On voltage changes of greater magnitude 
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the periods of engagement of the front contacts are 
longer, tending to move the motor-operated field 
rheostat more rapidly. 

The back contacts go in operation when the a-c. 
voltage has changed 3 to 15 per cent according to the 
adjustment made. The frequency range under which 
the regulator will hold constant voltage is very broad 
being between the limits of 25 and 85 cycles. 


EQUIPMENT TO INSERT RESISTANCE AUTOMATICALLY 
IN THE ALTERNATOR FIELD CIRCUIT 


Fig. 4 shows the diagram of connections and devices 
used to insert resistance automatically in the alternator 
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INSERTING RESISTANCE IN ALTERNATOR Fipip Crircurr Upon 
OccURRENCE OF OVERVOLTAGE 


field circuit upon the occurrence of overvoltage. The 
overvoltage relay, which is of the contact making 
voltmeter type, endeavors to hold alternating voltage 
in accordance with its setting by opening and closing a 
contactor connected across a resistor in the alternator 
field circuit. In the case under consideration the over- 
voltage relay was set to operate at approximately 
16,800 volts or 22 per cent over normal voltage. As 
.soon as the contactor opens, the setting of the over- 
voltage relay may be changed if desired to hold normal 
voltage or a voltage of some predetermined value. 
This change in setting of the overvoltage relay is 
accomplished by the use of a hand reset relay which 
upon closing its contacts, changes the value of resistance 
in the coil circuit of the overvoltage relay. 


TESTS 


An outline of the tests which were made is given in 
Table I. 

Fig. 5 shows four tests which were taken at no load 
to compare the rate of decay of alternator voltage when 
the excitation was reduced in different ways. In each 
of the four cases, the alternator voltage was raised 
under hand control to approximately 16.1 kv. In case 
1 the excitation was reduced by inserting a 20-ohm 
resistor in the main exciter field circuit corresponding 
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to the value of field reducing resistance described later 
under load tests when regulator and series type main 
exciter field rheostat connections were used. In cases 
2 and 3 the relays X in the wheatstone bridge circuit 


TABLE I 
Type Load Load 
Main main exciter dropped dropped Power 
Fig. exciter field rheostat kw. kva. factor 
5:1.) Compound); Seriesiag .<\2n0shicis <i | 
5...Compound ..Wheatstone Bridge. | Tests taken at no load to com- 
5.,.Shunt,.......Wheatstone Bridge. pare rate of alternating volt- 
5...Insert resistor in alternator field age decay. 
Clits aire ett tenes &, aay 2 sletaions 
6...Shunt.......Wheatstone Bridge..... 40,000... .44,444..... 0.9 
7...Compound ..Wheatstone Bridge..... 40,000... .44,444..... 0.9 
Si. Compound Seriess 5 seceacas tetas 6 0... .40,000 0 
9...Compound ..Wheatstone Bridge..... OM. .40,000's 3. - 0 
10...Imsert resistor in alternator field 
CIRCWIE ie ghee ok, 2 ak te a O00 he Fae es 0.9 


were opened. In case 4 the contacts of the overvoltage 
relay were closed, which inserted the 1.12-ohm resistor 
in the alternator field. 

Figs. 6, 7, 8, 9 and 10 show the results of dropping 
load on the 47,000-kva. generator under different 
conditions. 


DISCUSSION OF TEST RESULTS 


Referring to Fig. 5, the voltage reduction produced 
with the wheatstone bridge was very rapid as compared 
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Case 1—By inserting series resistance 20 ohms in main exciter field. 
Compound exciter 

Case 2—By opening relays x in wheatstone bridge circuit. 
exciter 

Case 3—By opening relays x in wheatstone bridge circuit. 
exciter 

Case 4—By closing overvoltage relay contacts which inserted 1.12-ohm 
resistor in alternator field circuit 


Compound 


Shunt 


with that resulting from the insertion of series resistance 
in the main exciter field circuit, but not as rapid as the 
voltage reduction produced by inserting resistance in 
the alternator field circuit. Comparing cases 2 and 
3, a more rapid voltage reduction was given by the 
shunt than by the compound arrangement of main 
exciter. 

When load was dropped, there were two or three 
cycles of single-phase operation caused by the three 
poles of the 110-kv. circuit breaker not opening at 
exactly the same time. Because of this it will be 
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noticed, that the alternator field current did not 
decrease instantaneously at zero time, but instead 
dropped to its new value in about three cycles, which 
is reasonable when it is considered that it took that time 
to completely drop the load. 

In all cases where 40,000-kw. load was dropped, a 
maximum speed of 138 per cent of normal was reached 
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in approximately 3.5 seconds. This is about the value 
expected and falls within general practise as shown by 
general overspeed curves given in Fig. 12. 

Referring to Figs. 6 and 7, approximately 4 per cent 
higher alternator voltage was obtained with the com- 
pound than with the shunt-connected main exciter 
when a 40,000-kw. load was tripped using the wheatstone 
bridge arrangement. Also with the shunt exciter the 


1000, 320 19 350 140 
$0 300 511 30 
900 280 18 2 135 
850 260 ITS mw” 
800 40 IT-z | 130 
7% 20365 —\ ee) 

C7008 

yee 9% 125 

9 ORES V ne 

Meas Se 50 Sia 

AS Says 
Hdl 45 

s&s K 

sue Sues 

ead R Sok 

Sa goR3 20 10 
3D 60 125 300 


0 02 040608 10 12 12 16 18 20 22 24 26 28 30 32 34 36 Apion, 
TIME In SECONDS 


Fie. 7—40,000-Kw. 0.9-Powrr Factor Loap Drorrrp Usrtna 
WHEATSTONE BripGe RHEOosTAT. Compounp ExciTER 


overvoltage was reduced more quickly than was the 
case with the compound exciter. The maximum volt- 
age when using the shunt exciter was 16.5 kv. or 
approximately 20 per cent above normal; and for the 
compound exciter 17.2 kv. or approximately 25 per cent 
above normal. This shows very clearly the effective- 
ness of the regulator with the wheatstone bridge 
arrangement because with no regulator the alternator 
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voltage would have reached 180 per cent of normal value 
when tripping the high-voltage transformer circuit! 
breaker and dropping 40,000-kw., 0.9-power-fac oF 
load. Without the effect of transformer magnetizing 
current as would be the case if the load was tripped on 


voltage limiting means. 
Figs. 8 and 9 show the results of dropping a 40,000: 
kva. entirely reactive load. These two tests give the 
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combined effect of generator regulation and regulator 
action without the effect of overspeed. 

Referring again to Figs. 8 and 9, a comparison can 
be made between the effect of the regulator used. with i 
an ordinary series rheostat and used with a wheatstone - 
bridge rheostat in the main exciter field. With the 
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wheatstone bridge arrangement there was, in the first 
second after load was dropped, a change of alternator 
voltage of 575 volts, while with the series resistance 
connection the change was only 150 volts. 

Fig. 10 shows what may be accomplished in limiting 
alternator voltage by automatically inserting resistance 
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of 1.12 ohms in the alternator field circuit when drop- 
ping a 40,000-kw., 0.9-power-factor load. In this test 
the overvoltage relay shown in Fig. 4 was set to operate 
at 16,800 kv., and hold this value. - It will be noticed 
that the maximum alternator voltage reached was 17.7 
kv. or approximately 128 per cent of normal. In 
attempting to hold the alternating voltage, the over- 
voltage relay opened and closed the contactor connected 
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across the 1.12-ohm resistor in the alternator field 
circuit, giving the sudden increases and decreases in 
alternator voltage. This operation continued until 
the regulator could get control and lower the alternating 
voltage to a point where the overvoltage relay would 
not operate. This was accomplished at the end of 
approximately 10 seconds, as shown by the high-speed 
voltage chart record given in Fig.11. At this point the 
regulator which had been doing all it could to reduce the 
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excitation, finally gained control and brought the volt- 
age back to normal, the latter being reached in about 15 
seconds. Note that the rather long time which elapsed 
before the regulator gained control was due to the use 
of the series instead of the wheatstone bridge arrange- 
ment. The voltage chart curve did not follow the 
oscillograph voltage curve very closely because of the 
damping action of the voltage chart pen. 
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CONCLUSIONS 


The tests described indicate that a simple means of 
limiting overvoltage caused by dropping load is avail- 
able, consisting of a suitable regulator and wheatstone 
bridge exciter field rheostat set to give zero or slightly 
negative main exciter armature voltage. 


Such equipment under ordinary conditions functions 
as required to hold normal alternating voltage, but at 
the same time is ready to prevent the voltage from 
reaching dangerous values which would overstress the 
insulation of generators and connected apparatus. Fur- 
thermore, the use of such equipment has made it 
possible to design lightning arresters and protective 
apparatus to give better protection and at the same time 
not be subject to failure on over-dynamic voltage. 


The alternative method of automatically inserting 
resistance in the alternator field circuit is also very 
effective in keeping the alternating voltage within 
desired limits when load is lost. Therefore this method 
is available for use where overvoltage protection is 
needed and there are no generator voltage regulators or 
where regulators are being used, but the excitation 
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system is of the older type and it is not desirable or 
economical to change the exciter field circuit to include 
such equipment as the wheatstone bridge. 

In the tests described, load was dropped by tripping 
the high-voltage transformer circuit breaker, therefore 
the effect of line charging current was not included. 
The effect of charging current is to give a higher value 
of voltage, the amount varying with the length and 
voltage of the line and the number of generators and 
transformers connected after load is lost. 


ACKNOWLEDGMENTS 


The author desires to express appreciation for the 
assistance rendered by the New York Power and Light 
Corporation in granting permission to make the tests, 
and to members of the Engineering Department of the 
General Electric Company for suggestions and valuable 
assistance in working up the data. 


Bibliography 
1. Over-Voltage on Transmission Systems Due to Dropping of 
Load, by E. J. Burnham, A. I. E. EH. Trans., Vol. XLIV, 1925. 
2. “Over-Voltages on Transmission Lines During Generator 
Runaway,” by H. R. Stewart, The Electric Journal, Dee. 1927. 


110 BURNHAM: OVERVOLTAGE ON TRANSMISSION SYSTEMS 


3. “Effect of Sudden Loss of Load,” by C. B. Hawkins, 
S. Murray Jones, and‘O. E. Charlton, Electrical World, June 30, 
1928. 

4. “Operational Cireuit Analysis,” by V. Bush. 


5. ‘‘Heaviside’s Operational Calculus,” by E. J. Berg. 


6. Synchronous Machines III, by R. EB. Doherty and C. A. 
Nickle, A. I. KE. E. Trans., Vol. XLVI, 1927. 

7. Two-Reaction Theory of Synchronous Machines, by R. H. 
Park, A. I. E. E. Trans., Vol. 48, April, 1929. 

8. ‘Speed Changes of Hydraulic Turbines for Sudden 
Changes of Load,’ E. B. Strowger and S. L. Kerr, A. S. M. E. 
Trans., Vol. 48, 1926. 


Appendix 


A METHOD OF CALCULATING ALTERNATOR OVER- 
VOLTAGE FOLLOWING SUDDEN Loss oF LOAD 


By J. W. BUTLER* 


In this appendix equations are derived for calculating 
alternator overvoltage following sudden loss of ‘load. 
The analysis is made for the bridge-type rheostat, but 
in general the same method can be used for other types 
of control. 

ASSUMPTIONS 

Assumptions used in this article will be summarized 

‘below. 


(a) Pilot Exciter 


1. Time constant of shunt field so small as compared 
to the equivalent time constant of the speed-time curve 
that the shunt field current follows the speed exactly. 

2. Load saturation curve coincides with the no load 
saturation over the operating range. This is approxi- 
mately true for pilot exciters that are flat compounded 
and liberally designed. 

(6) Main Exciter 


1. Shunt-wound exciters will be considered as they 
are used in common practise at the present time. 

2. Inductance of field circuit remains constant, but 
is corrected by a facter, depending on the type of field 
structure. 

3. Open circuit instead of load saturation curve is 
used. 

Assumptions 2 and 8 compensate in a measure for 
the effect of the voltage reduction following a higher 
curve than the saturation curve, due to eddy currents,. 
when the field current decreases rapidly. 


PILoT ExciTER ARMATURE VOLTS 


With the above assumptions, the curve of pilot 
exciter armature volts may be readily obtained as 
follows: 

From the saturation curve of the pilot exciter at 
normal speed, saturation curves for 110, 120, etc., per 
cent speed may be drawn. Then drawing in the field 
circuit resistance line, the voltage for any speed is read 
at the intersection of the resistance line and the satura- 
tion curve for that particular speed. From the values 
of voltage for different speeds obtained and the hydrau- 
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lie turbine speed-time curve, a volt-time curve is 
obtained. 
An empirical expression for this curve in operational 
form using one exponential is 
b—a (1) 
So + TERS Oe 1 


Where a and 0 are the initial and final values respec- 
tively, and 


fits 
P= 6 A0 
loge 
ee b— @ 
dey 
P dt 


e, and ¢, are the coordinates of a particular point on the 
curve. It is preferable to take a point in the region 
where the greatest accuracy is desired. 


MAIN EXCITER FIELD CURRENT 


The excitation circuit, employing the bridge-type 
rheostat, is shown in Fig. 18. 


Fie. 13—Di1acram or Excitation System Using WHEATSTONE 
Brivae R#eErostat ; : 


The voltage e; operates upon the bridge circuit in 
which r, and L, is the shunt field resistance and induc- 
tance respectively, and r,, 7:’, and 7. are the rheostat 
resistances. Upon indication of overvoltage, the regu- 
lator opens «, inserting 7,’ in the circuit. The value of 
r,’ usually is sufficient to reverse the excitation. 

Consider the case when the regulator fails to operate. 
The current through the main exciter field will be 
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The high-speed relays x are opened by the voltage 
regulator in approximately three cycles after the indica- 
tion of 5 per cent overvoltage which occurs the instant 
load is lost. Due to this quick operation and the time 
constants of the circuits involved, it can be assumed 
with very little error that the loss of load and opening 
of the relays x occur simultaneously. 

Hence, the equation for the current after the regulator 
acts can be written thus 


eee @ (2 — 11) cigs iGo Te) 

ae: 27172 + To (To + 11) 27271 + To (re + 11) 
ti To Ty | 1 
ere 2 re(T1 ais 71’) So Gs St Lo) (T2 + 71+ 171’) 


fo— Ti — 11’ 


(b — a) 


T Oo ra(ry +7’) + (rot pLo)(re frit’) Tip+ 1 
(4) 

The solution being 

t = Y¥i+ Y.e-* + Ys (5) 

where 
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Thus, equation (5) gives an equation of main exciter 
field current considering regulator action on the bridge 
rheostat and overspeeding of the pilot exciter. 
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This current flowing through the main exciter shunt 
field produces main exciter armature volts and current 
which will not be considered. 


MAIN EXCITER ARMATURE VOLTS AND CURRENT 


By plotting equation (5), the curve of main exciter 
armature volts can be determined considering the 
increase in speed as follows: 


For any particular value of 7, flowing at time f¢, the 
voltage is read from the saturation curve. From the 
speed-time curve of the unit, the speed of the set can 
be read for the particular time ¢ chosen and the voltage 
increased in direct ratio. The voltage function thus 
obtained operates upon the generator field. 

The operational equation of such a curve, as shown 
for (1) is, 


E=E ean 6 
Bee ere (6) 
The problem now is to find an equation of generator 

field current as a function of time. Having this, 

terminal voltage can be read directly from the satura- 
tion curve for any value of field current and corrected 
for the increased speed at the particular time chosen. 
There are two factors affecting the generator field 
current. Upon sudden loss of load the field current 
drops immediately to a value necessary to produce flux 

back of transient reactance. It then builds up to a 

value that existed before loss of load according to the 

open-circuit time constant of the generator field circuit 
providing constant collector ring volts is maintained. 

But in this case under consideration, due to the in- 

creased speed of exciters and regulator action, the 

collector-ring voltage varies according to equation (6). 
With the voltage expressed by equation (6) applied 

to the collector rings and considering the drop of cur- 

rent at t = 0, the following type of equation for genera- 
tor field current will result: 


Petpet ed se Gee : 1 
Ge Tal pot ieee hm Dh renee 
(7) 
The solution being 
jf — uh +e hae eo +I, (C, + Ci eo +C. e~") (8) 


Where J, = field current before loss of load 
EB, 
* r T» df Ree 


T.' = open circuit time constant of generator. 
resistance of field circuit. 


¥ fe = 
I,’ = the decrease in field current the instant load is 
lost. 
il 1 
Ce C1 Ce Oe — Cy (€1— C2) 
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Plotting (8), the curve of generator terminal voltage 
can be determined by using the generator saturation 
curve and speed-time curve as was explained for main 
exciter armature volts. 


Using this method of calculation, curve A’ of Fig. 6 
shows the calculated voltage of the 47,000-kva. genera- 
tor under the test conditions of dropping load. This 
curve agrees very closely with the test voltage curve A, 
considering calculated machine constants were used 
and that there were 2 or 3 cycles of single-phase opera- 
tion in dropping load. : 


Discussion 


E. J. Burnham: In regard to the question of quick response 
excitation schemes now in use giving overvoltage protection 
such as described in the paper: Quick response excitation as 
ordinarily provided will not necessarily prevent the voltage of a 
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waterwheel-driven generator from rising to an undesirable value 
upon dropping load. In the past many quick response excitation 
systems have been designed with reference to voltage build-up 
to take care of short-circuit conditions. Such systems, especially 
if series rheostats are used in the main exciter field, may permit 
the a-c. voltage to rise to a rather high value in case load is 
dropped. For example the 47,000-kva. waterwheel generator 
described in this paper will have the same quickness of response 
as far as build-up of excitation is concerned whether the series 
rheostat or wheatstone bridge rheostat is used, and in either case 
may be said to have a quick response excitation system. How- 
ever, when dropping full load with the wheatstone bridge 
rheostat in service the a-c. voltage rises to 125 per cent of normal 
(Fig. 6) and when using a series rheostat under similar conditions, 
the a-c. voltage rises to a value approximately 145 per cent of 
normal (calculated). 

As to the effect of adequate voltage control on lightning 
arrester design, the over-dynamic voltage permitted on a trans- 
mission system has a direct bearing on the efficiency and cost 
of the lightning arrester. The use of suitable overvoltage 
protective equipment prevents the high overvoltage resulting 
from dropping load on waterwheel generators and permits the 
use of standard lightning arresters. Unless the overvoltage is 
controlled, special arresters with increased safety factor are 
required to prevent possible arrester failure. The protective 
efficiency of the special arrester will be less than the standard 
and the increased cost may be comparable to the cost of the 
overvoltage protective equipment. 


Interconnection of the 25- and 60-Cycle System 
of the Union Electric Light and Power Company 


BY L. V. NELSON* 
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HISTORY AND DEVELOPMENT 


“| es Mississippi River Power Company’s hydro plant 
at Keokuk, lowa, was developed in the years 

1912-1913 as a 25-cycle run-of-river plant with an 
installed capacity of 185,000 kilowatts in 15 generating 
units. This plant was projected on the basis of a power 
contract with St. Louis utilities for 60,000 prime horse- 
power (45,000 kw.). The smaller city loads at Keokuk, 
Fort Madison and Burlington, Iowa, were also supplied 
from the plant. During 1930 the prime load demand 
reached 110,000 kilowatts with sufficient excess sales 
to load the plant to capacity over the daily peak. 

As a run-of-river plant the capacity of Keokuk 
fluctuates over the seasons, being divided essentially 
into three periods: 

1. A low-water winter period in which the capacity 
is reduced to 115,000 kilowatts. 

2. A low-water navigation period in which the 
capacity is reduced to 83,000 kilowatts. 

3. A high-water period in which the capacity of the 
plant is limited to 70,000 kilowatts. 

The average duration of these limitations on the plant 
is 85 days, 102 days, and 150 days per year, respectively. 
With the average combined limitation for one reason or 
other of 252 days per year in which the capacity of the 
plant is less than 100,000 kilowatts, the relay require- 
ments to the water power plant became an important 
factor. With only 40,000 kilowatts of steam reserve 
available at St. Louis to augment these periods of 
deficiency, and with an average rate of growth of 4,000 
kilowatts a year on the 25-cycle system, additional relay 
capacity was needed if the 25-cycle load continued 
to grow at this rate. Further growth of 25-cycle load 
in St. Louis has been restricted for several years. 

Consideration was given to a number of means of 
- supplying this additional capacity: 

1. Additional units at Keokuk. The original con- 
struction of the Keokuk Plant provided space for 15 
additional units without reconstruction of coffer dams. 

2. Installation of a steam plant at Keokuk. 

3. Installation of additional 25-cycle steam reserve 
at St. Louis. 

4. Installation of frequency converter at St. Louis. 

Coincident with this same problem there arose the 
requirement for additional 60-cycle generation capacity 
to supply the rapidly growing metropolitan load at 
St. Louis. Simultaneous studies revealed the advisabil- 
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ity of the development of the Osage Hydro Plant, 
located on the Osage River about 130 miles southwest 
of St. Louis, together with the interconnection of this 
plant with the St. Louis load through the Page Avenue 
Substation, which is also the terminus of the Keokuk- 
St. Louis Transmission Lines. The system map is 
shown in Fig. 1. 

The 60-cycle load of 200,000 kilowatts demand grow- 
ing at the rate of approximately 15 per cent a year 
required a yearly increase in 60-cycle generating equip- 
ment in excess of 30,000 kilowatts; whereas the annual 
growth in the 25-cycle system of 4,000 kilowatts aver- 
age indicated that the reserve 60-cycle generating 
capacity required solely by the 60-cycle system could 
be reasonably utilized as 25-cycle reserve without addi- 
tional prime mover investment for the 25-cycle system, 
providing suitable interconnection were arranged. 


Studies of the 25-cycle system load curve eas related 
to the limited schedule of Keokuk Plant capacity 
showed the loss of approximately 60,000,000 kw-hr. 
annually with available excess capacity up to 40,000 
kilowatts. This was due to the inability of the 25-cycle 
load to absorb this energy when and if available, par- 
ticularly during night periods. 

The installation of the Osage Plant with its inter- 
connecting transmission lines indicated the requirement 
at the St. Louis end of approximately 50,000 kva. in 
synchronous condenser capacity. 


GENERAL SPECIFICATION OF FREQUENCY CONVERTER 
Consideration of all of these facts from a coordinated 
point of view gave evidence of the desirability of inter- 
connection between the 25- and 60-cycle systems with a 
suitable type of frequency changer. The frequency 
changer should have the following characteristics: 
1. Itshould be reversible in order to provide: 

(a) 25-cycle power to the 25-cycle system to 
augment the combined water power and steam 
generation in times of water power deficiency. 
Comparison of the rates of growth of the 25- and 
60-cycle systems indicated that the interconnection 
through the frequency changers would provide 
25-cycle prime reserve without additional invest- 
ment in 60-cycle generating equipment. 

(b) Access to the 60-cycle system for Paciopal 
utilization of 60,000,000 kw-hr. annually from the 
25-cycle system. 

2. The machine should be of such type as would 
provide interconnection between a fixed capacity 25- 
eycle generating system of 175,000 kilowatts and an 
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increasing 60-cycle system capacity with a present 
rating in excess of 450,000 kilowatts. 

38. The 60-cycle end of the machine should combine 
approximately 50,000 kva. of synchronous condenser 
capacity for use in bringing Osage power into the St. 
Louis district. 

4. Hither end of the machine should be constructed 
to run separately in the event that the diversity between 
the water sheds of the Keokuk Plant and Osage Plant 
required such operation. This might also be required in 
the interest of economy in operation. 

5. Two machines of one-half capacity each would be 
preferable to one since failure of one machine would still 
permit adequate operation under most cases. 
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namely, from Keokuk to St. Louis, with voltage drop 
along the transmission line compensated for by graded 
voltage ratings of the transformers to be connected at 
either end. Asa result Keokuk transmitted at 112,000 
volts and St. Louis received at 95,000 volts. No pro- 
vision was ma‘e for a change of voltage under varying 
loads. This problem was imminently in need of ad- 
justment and a study of the age of the transformers at 
Page Avenue, including efficiency, life, and voltage, 
indicated that with modern design and efficiency to be 
expected, a new bank of transformers was fully justified. 
Accordingly the old group of twelve 5,000-kva., single- 
phase, 95/13.8-kv. indoor type transformers were re- 
moved from service and replaced with six 12,500-kva., 
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It was obvious that the combined advantages of the 
frequency changer made it superior to other possibilities 
of supplying 25-cycle reserve. 

A study of growth of the 25-cycle load at Keokuk in 
preference to St. Louis shows that as time goes on the 
amount of energy generated at Keokuk and transmitted 
to St. Louis will decrease. Conversely, the amount 
of energy generated at St. Louis and transmitted toward 
Keokuk at 25 cycles will increase provided the plant 
capacity at Keokuk remains fixed. The latter amount 
is now in the order of a few per cent of the former. 


SYSTEMS INTERCONNECTION 


Early development of the Keokuk-St. Louis 25-cycle 
system anticipated one direction transmission of power, 


single-phase, 110/18.8-kv. outdoor type transformers 
equipped with load ratio control. These new trans- 
formers provided facilities for full control of voltage 
in transmission of power in either direction without 
undue fluctuation of bus voltage at Keokuk or Page 
Avenue. The indoor type of transformers originally 
installed included an extensive and, in the light of 
modern practise, wasteful use of building space for 
95-kv. bus layout. The removal of this indoor bus to a 
compact outdoor arrangement released sufficient space 
to provide for a new 13,800-volt, 60-cycle bus required 
for switching the incoming lines from Osage, and ma- 
terially simplified the 25-cycle layout. 

This coordination of 25- and 60-cycle systems at 
Page Avenue Substation interconnected to the major 
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source of supply, namely, Venice and Cahokia plants 
‘by means of two 66-kv. underground cable circuits 
providing an effective tie capacity of 100,000 kva. 
The one line system diagram is shown in Fig. 2. 


SELECTION OF TYPE OF SET 


The size of frequency converters required was deter- 
mined by a study of the load requirements. Two sets 
of 20,000 kw. rating were chosen as combining most 
suitably the load transmittal requirements, spare capac- 
ity, and synchronous condenser requirements. 

The type of set to be used was the subject of con- 
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siderable investigation. It was found that there were 
five types of machines available, namely: 

1. The synchronous-converter frequency converter. 

2. Thesynchronous-synchronous converter. 

3. The synchronous-induction converter. 

4. The fixed-ratio synchronous-induction converter. 

5. The variable-ratio synchronous-induction con- 
verter. 

Each type of machine was analyzed in detail with its 
adaptability to the particular situation in mind. 

Synchronous Converter Set. The synchronous-con- 
verter frequency converter consists of two synchronous 
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converters on independent shafts, one operating from 
each of the systems to be interconnected. All power 
transferred is received at one frequency, converted to 
direct current and reconverted to alternating current 
of the other frequency. The fact that this machine has 
never been built in large sizes definitely precluded its 
use in this case. 


Synchronous-Synchronous Set. The synchronous- 
synchronous converter consists of two synchronous 
machines on a common shaft, one operating on each 
system. This machine is the one most commonly used. 
The frequency ratio is fixed and, therefore, the set 
constitutes a rigid frequency tie between systems within 
the limits of pull-out torque of the individual machines. 
The set is completely reversible, the load transmittal 
being determined solely by prime mover governing and 
cannot be controlled at the set. Power-factor control 
of both ends is available through a wider range than on 
any other type of set. The efficiency is high, prelimi- 
nary estimates indicating that 95 per cent might be 
expected on a 20,000-kw. unit. This set is essentially 
simple in construction and operation and requires few 
auxiliary machines. The paralleling of machines re- 
quires considerable preciseness of synchronizing how- 
ever. For example, when starting from the 60-cycle 
end there is only one chance in twenty-four of the 
machine “coming up” right. Load division between 
sets is readily accomplished by stator shifting. Ma- 
chines of this type in the rating proposed had been built 
so no untried designs would be necessary. 


Records indicated that the reliability of this type of 
set was good provided the machines were of sufficient 
capacity to withstand shocks incidental to system dis- 
turbances. The chief difficulty in applying this machine 
is the proper determination of the size of unit required. 
An examination of available data indicated that a ca- 
pacity equal to from 10 to 25 per cent or more of the 
capacity of the smaller system would be required. This 
application would require a set of from 18,000 to 40,000 
kw. capacity. Conservatively, it appeared that units 
of 30,000 to 40,000 kw. each would be required and since 
load transmittal requirements did not justify units of 
this size it seemed undesirable to use this type of 
converter. 

Synchronous-I[nduction Set. The synchronous-induc- 
tion converter consists of a synchronous machine direct- 
connected to an induction machine of either the wound 
rotor or squirrel cage type. The frequency ratio of this 
set varies according to the load on the set and is not 
controllable at the set. The set is reversible if sufficient 
synchronous capacity is available to supply the exciting 
kva. of the induction machine. There is considerable 
change in frequency ratio with change in direction of 
power flow. Load control is determined by prime mover 
governing. The set is relatively stable, the stability 
being determined chiefly by the pull-out torque of the 
synchronous machine. Power-factor control is avail- 
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able on the synchronous end of the set but not on the 
induction end. The efficiency is relatively low. The 
set is simple in construction and operation and the 
reliability is good. 

Fixed-Ratio Induction Set. The fixed-ratio synchro- 
nous induction converter consists of a synchronous 
machine and a wound rotor induction machine with the 
rotor of the induction machine and the stator of the 
synchronous unit connected to the lower frequency 
system and the stator of the induction machine con- 
nected to the system of higher frequency. This con- 
verter is sometimes called the ‘general transformer”’ 
since it can be arranged to transform phase, frequency, 
and voltage. A peculiar characteristic of this set is 
that it constitutes a voltage tie between systems of 
different frequencies in a manner analogous to a trans- 
former on a single-frequency system. In several, cases 
this set has been used to obtain certain advantages 
‘which this characteristic gives under particular cireum- 
stances. In the case at hand this feature was unde- 
sirable. 

The frequency ratio is fixed by the design and is 
rigid. The set is reversible and the load control is ob- 
tained by prime mover governing. Stability is good and 
limited power factor control is available by a combina- 
tion of transformer tap changing and synchronous 
machine field control. The efficiency is relatively high 
and operation is relatively simple although there is only 
one chance in ten of correct polarity and phase on the 
second unit. This type of machine has been reliable in 
service and has been built in large sizes. In the event of 
a short circuit on the lower frequency system the set 
overspeeds. 

With this type of machine, also, the selection of the 
proper size of unit is difficult, the determination requir- 
ing a consideration of the same factors that govern in 
the selection of synchronous-synchronous machines. 

Variable-Ratio Induction Set. The variable-ratio 
synchronous-induction converter consists of a syn- 
chronous machine direct-connected to a wound rotor 
induction machine provided with suitable regulating 
machines, the number and type varying with the par- 
ticular manufacturer. The distinguishing feature of 
this set is that the frequency ratio is variable, that is, 
frequency of one system may vary relatively to that of 
the other. Voltage and load disturbances are reflected 
through the set in a lesser degree than with other types. 
The set is reversible and load control is accomplished 
at the set itself without dependence on prime mover 
governing within the design limits of the set. Stability 
is good, the load transmittal being determinéd by the 
pull-out torque of the synchronous machine, the relative 
speed changes of the two systems and the speed of 
operation of the regulating equipment. It is interesting 
to note that if the automatic regulating equipment is 
not working it requires a relative speed change of twice 
the slip of the induction machine to reverse the set from 
full load in one direction to full load in the other whereas 
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with fixed-ratio types this reversal occurs with only a 
small phase angle change. Power-factor control 
through a wide range can be obtained on the syn- 
chronous machine and through a limited range as deter- 
mined by economic design considerations on the 
induction machine. Efficiency is good although not 
as high as on synchronous-synchronous machines. The 
efficiency varies with variation in frequency ratio. 
The set is somewhat complex although its operation is 
simple. 

The main advantage of this set lies in its stability 
and in the ease with which the sets may be started and 
the load controlled. Automatic control of load is. 
readily obtained. The sets had been built in the size 
contemplated and component machines of larger sizes 
had been produced. 

The relative merits of the various converters for the 
particular interconnection contemplated is summarized 
in Table I. 

Based on this analysis it was decided to purchase two 
variable ratio synchronous-induction converter sets, 
each set to be capable of transmitting 20,000 kw. from 
the 25- to the 60-cycle system or vice versa with simul- 
taneous and opposite variations in normal frequency of 
one-half cycle in each system. That is, each set was to 
be capable of transmitting full load from either system 
to the other throughout frequency variations from 
24.5/60.5 to 25.5/59.5 cycles. This permits a rather 
wide variation in the frequency of one system if that of 
the other is fixed, the range being affected because of 
the natural slip of the induction machine, by the di- 
rection of load transmittal. 

The sets as purchased are General Electric Company 
machines with essential data as tabulated in Table II. 

The machines are of the 6-bearing horizontal type 
with adequate provisions for movement of stators on 
both large machines to permit easy maintenance or 
repair. A split coupling is provided between the 25- 
and 60-cycle ends of the machines with the starting 
motor and d-c. exciters on the 60-cycle end to permit 
operation of the 60-cycle unit independently as a syn- 
chronous condenser if required. Each unit occupies an 
area of approximately 13 by 60 ft. 


The ventilation requirements are 150,000 cubic ft. 
of air per minute per machine. All air into the room is 
filtered through continuous type filters. The machines 
are the semi-enclosed type, drawing air from the room 
and discharging into the basement. Air is forced out 
of the basement through large chimneys at the building 
ends which discharge just above the roof of the building. 
A view of the building housing the machines is shown in 
Fig. 3, one of the chimneys being visible at the right. 
The converters installed are shown in Fig. 4. 


OPERATION 


The frequency converters have, at this writing, been 
in service for some six months and have fully met every 
expectation although definite conclusive results of 
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operation cannot yet be evaluated. They operate over 25-cycle relay power. During the first six months’ 
a part of the day as 60-cycle generators utilizing the operating period covering initial tests and operation 
excess 25-cycle water power from: Keokuk and the on the normal load cycle outlined above the average 
balance of the time as 25-cycle generators supplying over-all efficiency has been approximately 90 per cent. 


TABLE I—CHARACTERISTIOS OF FREQUENCY CONVERTER SUITABLE FOR INTERCONNECTION OF 25- AND 60-CYCLE 
SYSTEMS OF UNION ELECTRIC LIGHT AND POWER COMPANY 


Characteristic... 0.2.2.2 .55 Variable-ratio............. Hixed-ration.: tae ere Synchronous-synchronous. Variable-ratio machine suita- 
Synchronous-induction..... Synchronous-induction..... bility for contemplated 
interconnection 


Load control determined by. Regulating equipment at 
machine (can be held con- 
stant by automatic con- 
$YOL) Sepeees e AG eee. Prime mover governing ..... Prime mover governing.... Preferable 


Load limit determined by... Regulating equipment, rela- 
tive system speeds and syn- 
chronous machine stability Synchronous machine sta- 


DULY sd. oe oe Synchronous machine sta- 
PRL tyre eres ain seth Preferable 
Machine size determined by . Load transmittal require- 
TIVCIVUS Nips eases ersten. System synchronizing re- 
CuUirements)... sateen cael. System synchronizing re- 
quirements sacral. 5 sees More economical 
Voltage tie...... Bern etorsta i INO ice Rar ecoes ee tame cikce BY CB ihd ia aca 5 hagas eae By Lopes tar he Nn et aR ae Preferable 
Frequency tie...:...:..... Mlexiblesccae cstcai tele ge e « Rigid, 2 ...0i5 steels ponte DRT 's 00 Peacoat en yay bl tee etene ere c= Suitable 
Power-factor correction..... Limited to unity on induc- 
tion end and by machine 
design on synchronous end Limited to synchronous ma- 
chine design and _ trans- 
former tap range......... Limited by synchronous 
machine design......... Satisfactory—requirement for 
corrective capacity on 25- 
cycle system is limited 
Set complexity. . (0...) 5... Several auxiliary machines.. Considerable auxiliary appa- 
CUS Bieccncne nero hater eke Simple, ca cacaceate cree At a disadvantage 
Starting first-set........... Pee Sirniple.-. ese ere oe te deare Dithcult.->.-.,5.+ nected ee Dimiculitie y-2.feetnla eek ee Preferable 
Starting second set......... Simple—same as the firstone Very difficult.............. DIUM Cult Seip ke ate aera Preferable 
Load balanced between sets. By regulating equipment... By stator shifting.......... By stator shifting......... Preferable because load is 
always controlled in same 
manner 
Gost eae ees Lae Hrighostsia.cseheintocie stkits. Intermediate... iu. 2 o's ew LOwestserayessns wave. At disadvantage 
Expected efficiency......... 93) POL: COMMU ive sisal as a suaone 94 per cent..... ee ee 94.9 nor Centitss on... Satisfactory 
Experience in building sets of 
required size............ PY OS Pe ius catenins, So Poteuen oi BV; OS ek ssa sites eaoyec uel tie Bee teasaele PEER Noe Sein, Cet oe RIGS a oo ae On a par with others 
Réliability= 7245277 5F Oe COO Se ere er ee ae (670186 Veena eichearinions ba Gansta che 3 Goods Ties seas tne ee Equal of others 
Short-cireuit output of lower 
frequency machine....... Lows: Bk ae i) ee RSH EY. Silas: Sioa, ne Intermediate............. Preferable in order to elimi- 
nate extensive switchgear 
changes 


TABLE II—DATA ON 20,000-KW. FREQUENOY CONVERTERS UNION ELECTRIC LIGHT AND POWER COMPANY 


Synchronous Induction Starting D-c. Pilot Regulating A-c. Exciting 
machine machine motor exciter exciter machine exciter transformer 

VOLES SRG: 1 Patede evetrmia et are teeter cue epee 13,800 +e edo, S00! ae ets BOO dj See OY Zola ae Cee 240/250...... 285 vileer ton: ....13,800/37 
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Power from the Bagnell Dam is not yet reaching the 
St. Louis District and consequently the machines have 
not been fully utilized for power-factor correction on the 
60-cycle system. 

It has been found that the inherent ability of the 
machines to change load gradually with system speed 
changes has been of marked benefit in stabilizing the 
systems. For example, with the set feeding the 25-cycle 
system a voltage dip may cause the loss of considerable 
25-cycle load with consequent speeding up of that 
system. The set reverses and the frequency is held to 
a small departure from normal. The 60-cycle machines 
are equipped with high-speed excitation systems so that 


Fig. 3—Pace AVENUE SUBSTATION BUILDING 


the 60-cycle voltage is held within narrow limits. The 
corrective capacity in the 25-cycle induction units 
varies from zero at full load to 16,000 kva. at no load 
and exerts a remarkable stabilizing influence on the 
25-cycle voltage. 

When a short circuit occurs on the 25-cycle system, 
obviously the exciting voltage is reduced to a low value 
and consequently the decrement curve shows a very 
rapid drop after the first few cycles. This has the effect 
of holding the interrupting requirements on oil-circuit 
breakers to a low value. 

The machines as installed cannot be operated unless 
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induction unit is always at the same frequency as the 
exciting source but its value may vary through wide 
limits and it may be considerably out of phase with the 
system voltage. Consequently, the ability to resyn- 
chronize depends upon the action of the regulating 


Fig. 4—Two 20,000-Kw. VaritasLe-Ratio FREQUENCY 
CONVERTERS AT PaGe AVENUE SUBSTATION ~ 


equipment and the changes in relative system speeds 
during the interval when the bus voltage is very low. 

The tested machine efficiencies were considerably 
higher than anticipated in the original estimates, the 
actual values including all losses for various operating 
conditions being given in Table III. 


TABLE III—EFFICIENCIES OF 20,000-KW, FREQUENCY CONVERTERS 


Power factor Load 

Frequency ratio Induction machine Synchronous machine 1.0 0.75 0.50 0.25 
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Nore: Above figures are overall including losses in exciters, regulating machines, and blowers, where required. ; 
a 25-cycle exciting source is available. Minor modifica- Bibliography 


tions would permit direct-current excitation to bring 
up a dead system. In several cases where the 25-cycle 
bus voltage has been dropped to a very low value by 
faults close into the bus the machines have resyn- 
chronized themselves inherently without any difficulty. 
In this connection it is of interest that the voltage of the 
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Discussion 


R. H. Park: As brought out by Messrs. Nelson and Hough, 
there are three principal types of synchronous converters avail- 
able in large sizes. These are the synchronous-synchronous 
type, the fixed ratio synchronous-induction type, and the vari- 
able-ratio synchronous-induction type. 

The first type is the cheapest and most efficient and will 
frequently be found satisfactory from an operating standpoint. 
It is believed, however, that many cases arise in which the use 
of the second or third type is justified in view of the particular 
operating advantages which they may afford. 

For instance, in the case of those metropolitan systems which 
do not employ generator voltage regulators, there may be a 
considerable advantage in the use of the fixed ratio synchronous- 
induction type. 
case with this type of unit, there is less danger of voltage insta- 
bility in case of the loss of a large unit in either system, since a 
relatively large amount of wattless kva. can be transferred be- 
tween systems with only a comparatively slight drop in voltage 
in the system which is in difficulty. 

On the other hand, in many eases, and particularly when large 
systems, in which relatively large amounts of power are trans- 
mitted over overhead wires, are to be tied together, there is a 
likelihood that the power transfer through the frequency con- 
verters connecting the two systems will become excessive during 
disturbances in either system, if the frequency converter is of the 
type which establishes a rigid frequency tie. As a consequence, 
the frequency converter unit or units may pull out of step, and 
relay out of service. In such cases, the use of a variable-ratio 
synchronous-induction type frequency converter may be of 
particular advantage, as, with this type, disturbances may occur 
in either system which are sufficiently severe to cause a con- 
siderable change in frequency, without the overloading or pulling 
out of step of the frequency converter unit. 

While the choice of type of unit will depend greatly on the 
method of operation and the frequency of occurrence of system 
disturbances, it would appear that for the interconnection which 
forms the subject of the paper under discussion, the use of the 
variable-ratio synchronous-induction type of frequency converter 
possesses particular advantages. 


INTERCONNECTION OF 25- AND 60-CYCLE SYSTEM 


Thus when a voltage tie is provided, as is the 


‘system frequencies. 
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E. L. Hough: The variable-ratio frequency converter is not a 
panacea for all interconnections between systems of different 
frequencies and we have endeavored to point out in the paper 
that the analysis was based on the particular system under dis- 
cussion and not on the problem in general. A certain feature of 
a certain type of set may meet a definite operating problem on a 
particular system and this one feature may outweigh other 
considerations. An example of this is the use of large fixed ratio 
synchronous-induction machines on large metropolitan systems 
where voltage regulators are not used and a voltage tie between 
systems is highly desirable. On the other hand, in our particular 
system it was felt that a voltage tie was not only unnecessary 
but undesirable as well because of the relative importance of the 
two systems. 


The size of set to be used is determined by different conditions 
in different situations. As pointed out in the paper, on the St. 
Louis system the determining factor was load transmittal rather 
than synchronizing requirements together with a high degree of 
reliability. Quite obviously a good solution of this engineering 
problem, as with others of a similar nature, requires the provision 
of the required facilities at a minimum cost and if a synehronous- 
synchronous machine of lower cost than a variable-ratio machine 
can perform satisfactorily, it should be chosen irrespective of 
whether or not it is of the same size as the variable-ratio ma- 
chine. In searching for a solution to the Page Avenue inter- 
connection we were unable to obtain guarantees from the 
manufacturers to the effect that a synchronous-synchronous 
machine of equivalent cost would hold the systems together. A 
search of the technical press revealed a considerable array of 
opinions on the size machine required, but no supporting data 
for the opinions. For example, Mr. Kincaid in the Electric 
Journal, June 1928, recommends machines equivalent to 15 to 
20 per cent of the smaller system capacity where the one system 
is chiefly supplied from hydroelectric plants. Machines of this 
size would be more expensive than the type chosen and their 
losses would be higher because they would always operate at 
partial load. 


The ability of the Scherbius type of machine to ride through 
system disturbance is superior. Due to the natural slip character- 
istic of the induction machine it requires an actual change of 
relative system frequencies to cause a change in load transmittal 
even with the load control equipment blocked or unable to 
operate with sufficient speed. However, we expect to obtain 
considerable benefit from the load control equipment because it 
can run from limit to limit in about 10 seconds and system 
disturbances require considerable time to materially affect 
As an example, assuming the induction 
machine has a natural slip of 2 per cent at full load, in the event 
the set were loaded to 20,000 kw. capacity, a drop in speed of 
1 per cent on the system receiving power from the set would add 
only 10,000 kw. to the set load, even though the load control 
were ineffective. With a rigid frequency tie a drop of only a few 
degrees in phase angle would give a similar result. 

While it is true that the stability limit of the Scherbius set is 
determined by the synchronous machine if voltage is maintained 
on the induction end it is apparent that the inherent WR? effects 
and reserve capacity of the whole system are brought into play 
to smooth out the disturbance and allow time for faults to clear 
without relaying the machine out of service. 

As pointed out, the rapid short-circuit decrement reduces the 
strain on switchgear but may introduce other undesirable conse- 
quences. This particular feature must be carefully watched in 
determining relay settings and may, in some cases, require 
high-speed relays to take advantage of the initial short-circuit 
current of the machine which compares quite favorably with an 
equivalent synchronous machine. 

From a reliability standpoint we expect little more difficulty 
from the a-c. commutating machines than we would from d-c. 
exciters. Most of the difficulties experienced with these ma- 
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chines in the past have been on those machines operating at a 
relatively much higher frequency than is the case in this instal- 
lation. The regulating machine is of the generator type and 
lends itself readily to compensation. With maximum frequency 
spread the frequency on the a-c. commutating machine is 0.7 
eyele and at normal frequency the commutating machine oper- 
ates as a continuous current generator. 

We expect better performance of the main units of these sets 
than we would have expected on a rigid frequency tie machine 
because shocks are cushioned. On a 5,000-kw. machine pre- 
viously installed a great amount of difficulty was experienced with 
the amortisseur windings overheating and with winding failures. 
Similar difficulties have been reported by other operating com- 
panies (Trans. A. I. HE. E., 1923, Vol. 42, p. 1078). 

Up to the present time no commutating difficulties have been 
experienced and although a number of serious disturbances has 
occurred on the interconnected systems no difficulties whatever 
have been experienced with the machines that are not directly 
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attributable to the inexperience of the operators or to incorrect 
adjustments. In one case, a short circuit on the 25-cycle bus 
to which the Scherbius unit is connected was cleared properly 
and the machine resumed its load automatically, although the bus 
voltage reached a very low value. In another case, during a 
sleet storm, the lines to the Keokuk Plant developed ‘“dancing 
conductors’? and one line was removed from service. The 
second line continued to swing together and clear itself for some 
time. On each occurrence of low voltage the machine output 
went to a very low value and recovered as soon as voltage came 
up and the operator being unfamiliar with such -operation (a 
synchronous machine performing in an exactly opposite manner) 
assumed the machine to be at fault and removed it from service. 
From all available indications the clearing of the faulty high- 
tension line would have left the machine carrying its normal load 
with excitation from the steam system. The transformer method 
of excitation lends itself peculiarly to satisfactory operation 
under conditions such as these. 


Automatic Control for Variable- Ratio Frequency 
Converters 


BY EK. K. SHIVELY* 


Associate, A. I. E. E. 


Synopsis.—An automatic switching equipment for the control 
of two 20,000-kw. frequency changer sets using the Scherbius method 
of load and power factor control has been in successful operation at 
the Page Avenue station of the Union Electric Light and Power 
Company of St. Louis, for almost a year. This equipment contains 
several new features in the automatic control of machines of this type. 
Besides being the first completely automatic switching equipment 
applied to machines of this type, it is unique in that it controls the 
largest rotating machines to which automatic switchgear has ever 
been applied. 


GENERAL DESCRIPTION 


HE sets consist of seven units on one shaft. These 
units are, in the order of their physical location, 
a 250-volt, 5-kw. subexciter; a 250-volt, 192-kw. 
main exciter; a 138,800-volt, 1,200-hp. (intermittent) 
60-cycle starting motor; a 138,800-volt, 28,600-kva. 
60-cycle synchronous machine; a 13,800-volt, 28,700- 
hp. 25-cycle wound rotor induction machine; a 285-volt, 
890-kva. regulating machine and an 8-kva. 25-cycle a-c. 
exciter. There is a removable coupling between the 
first four and last three units. The speed of the sets is 
300 r. p. m. at 60 cycles. 

The sets will normally be operated as variable-ratio 
frequency converters to transfer load in either direction 
as dictated by system conditions. Both the synchro- 
nous and induction machines will supply a limited 
amount of corrective kva. to the respective systems. 
The amount of this kva. depends upon the loading of 
the sets, and can be readily determined for any condi- 
tion of load by referring to the curves of Fig. 2. If it is 
so desired, the starting motors, the exciters associated 
with the 60-cycle units, and the 60-cycle units may be 
uncoupled from the 25-cycle ends and operated alone as 
condenser units. 

The switching equipment is designed so that the 
starting, synchronizing, voltage control, load limiting 
features and protective devices are completely auto- 
matic. The control rheostats and switchboards on 
which the protective devices and automatic relays are 
mounted, are located on the main machine floor. On 
the operators’ board in the balcony the machine meters 
and control switches are located. The operator may 
assume complete control of the equipment at any time 
by merely turning a control switch from the automatic 
to the manual position. If the set is in operation, this 
transfer can be made in either direction without dis- 
turbing the operation in any way. Figs. 3, 4, 5 and 6 

*Union Elec. Light & Pwr. Co., St. Louis, Mo. 

+Engg. Dept., General Elec. Gb: St. Louis, Mo. 


Presented at the South West District Meeting of the A. I. E. E., 
Kansas City, Mo., October 22-24, 1931. 
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The Page Avenue station is one of the most important links in this 
Company’s system of interconnecting plants. It is the point through 
which the two 25-cycle generating stations, Ashley Street and Keokuk, 
are tied. It will also be used as one of the ties for the recently com- 
pleted Bagnell development, on the Osage River, to the 60-cycle 
generating system of the metropolitan area. These variable-ratio 
frequency converters are being used for the transfer of power between 
the 25-cycle and 60-cycle systems. 


show general views of the control rheostats and switch- 
boards for one unit. 


SYNCHRONOUS UNIT 


Starting and Synchronizing. The starting is accom- 
plished with no perceptible disturbance to the system 
by a wound-rotor induction-type starting motor. This 
motor has two less poles than the main 60-cycle machine 
so that when all of the starting resistance is short- 
circuited, the starting unit will drive the set at a speed 
slightly above synchronism. 

When the initial starting indication is given by means 
of a control switch, the equipment checks that none of 
the protective devices has operated, that the starting 
and synchronizing breakers are in the open position and 
that normal three-phase voltage is available. If all of 
these conditions are satisfied, the main 60-cycle oil 
circuit breaker is permitted to close, which connects 
the machine bus to the station bus. This operation 
causes the bearing oil pump motors to start, and after a 
definite time, sufficient for the oil pressure to build up 
and lift the machine rotor, the starting motor is ener- 
gized. Soon after the machine has begun to rotate, 
the oil pumps are shut down. After the initial starting 


current has decreased to a predetermined amount, 


showing that the machine is rotating, successive steps 
of secondary resistance are short-circuited at definite 
time intervals until sufficient resistance has been 
shunted to allow the set to run at slightly below syn- 
chronous speed. 

During this part of the starting period the subexciter 
voltage is allowed to build up; this in turn energizes the 
field of the main exciter. When the machine has 
reached almost synchronous speed, the field of the 
synchronous unit is energized and the automatic voltage 
regulator assumes control of the machine voltage. 
Normal voltage is then apparent on both sides of the 
synchronizing breaker and the speed-matching and 
synchronizing equipment takes control and proceeds to 
synchronize the machine. 

The last step of starting resistance that is shunted 
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before field is applied to the synchronous unit, is, as has 
been stated, sufficient to bring the set up to just below 
synchronous speed. As this speed is below synchronism 
the speed matching equipment will cause the last section 
of resistance to be short-circuited as soon as voltage has 
built up on the main unit. If the set exceeds syn- 
chronous speed and does not synchronize, the speed- 
matching equipment will insert this last section of 
resistance to decrease the speed. 

The speed control equipment uses the relative vector 
rotation of the machine and bus voltages to determine 
whether the machine speed is to be raised or lowered. 
Fig. 7 shows the vector relationship of the voltages used 
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15 L-C will pick up and cause resistance to be inserted. 
It will be seen, because of interlocking, that only one of 
the contactors can be picked up simultaneously, and 
that one contactor does not drop out until the voltage 
across the other has decreased to an amount that is 
insufficient to pick it up. 

When the frequency of the set has been matched 
sufficiently close to that of the system, the synchronizing 
relays initiate the closing of the synchronizing breaker 
when the two voltages are in the proper phase relation. 
The closing of this breaker is initiated a few degrees 
before the voltages reach the “in-phase” relationship 
provided the relative motion of the two vectors is not 
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Fig. 1—Diacram SuHowina Main Connections ror 20,000-Kw. Varitapnie-Ratio Frequency CoNVERTER 


in this equipment. The voltages B-1, B-2, B-3 are 
supplied from the station bus potential transformers. 
Voltage M-1, M-2 is obtained from A-B phase of the 
machine. Contactor coils are connected between the 
free ends of each of the bus voltages and the machine 
voltage. The diagram shows the vectors at a position 
where equal voltages are applied to the contactors, but 
neither has sufficient voltage to cause it to close its 
contacts. Ifthe machine voltage rotates clockwise with 
respect to the bus voltage, indicating that the machine 
is running too slow, the voltage across 15 R-C will 
increase sufficiently to pick up this contactor, and cause 
resistance in the starting motor secondary to be shunted. 
If the vectors rotate in the opposite direction, relatively, 


too fast, which would cause the actual synchronizing to 
take place after the ‘‘in-phase’’ position was reached, 
or too slow, which would cause just as severe a distur- 
bance by allowing the synchronizing breaker contacts to 
make before the proper phase relationship is reached. 
Protection. The 60-cycle machine is protected against 
overload on the starting motor, incomplete start, 
winding failures, ground faults and undervoltage 
while starting, by relays that will trip the main oil 
circuit breaker. In case of a winding fault, incomplete 
start or overload on the starting motor, a lockout relay 
is actuated, which makes it necessary to inspect the 
equipment and reset this relay before further operation 
can take place. If a bearing overheats, an alarm is 
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sounded for the attendant who has control of the bear- 
ing cooling water. He will admit more cooling water to 
the bearing in distress. In case of an appreciable de- 
crease in excitation, indicating that the machine is 
delivering an excessive amount of underexcited reactive 
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kva., an alarm is sounded for the switchboard operator 
in the balcony. This operator, who has control of the 
load ratio control transformers, changes taps on these 
transformers to transfer some of this reactive kva. to 
other synchronous machines on the system. 

Voltage Regulation. The generator voltage regulator 


KVA. INP’ 


Beccneenen 


Ll 0.8 06 0.4 0.2 20 
OVEREXCITED 
POWER FACTOR 


Fia. 28—Maxitmum Kva. Curves ror 25-Cyrcitn Macuine 


used with this equipment is one that was developed 
primarily to eliminate the use of continuously operating 
vibrating contacts. The regulator performs two func- 
tions simultaneously. Upon changed conditions of load 
or power factor, the regulator immediately meets the 
changed conditions by rapidly varying the exciter volt- 
age to meet the new excitation requirements. At the 
same time it operates the motor-driven exciter field 
rheostat until a ‘corresponding constant exciter voltage 
is reached. The regulator then remains inoperative 
until another change requires a different value of 
excitation. 


AUTOMATIC CONTROL FOR VARIABLE-RATIO FREQUENCY CONVERTERS 
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When operating as a synchronous condenser to correct 
the power factor of a system, it is sometimes necessary 
to produce a maximum of underexcited reactive kva. 
To do this the excitation of the exciter must be reduced 
to zero or even reversed slightly to overcome the re- 
sidual, in order that the exciter voltage may be reduced 
to zero. The wheatstone bridge arrangement of con- 
nections of the exciter field rheostat and a separate 


Fie. 3—VoLtTace AND Power Factor ContTroL R#EOSTATS 
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Fig. 4—East Section or Avuromatic ContrRoL PANELS FOR 
No. 1 Frequency CHANGER SET 


exciter are used for this purpose. The diagram of this 
arrangement. is shown in Fig. 8. In this arrangement 
two arms of the bridge circuit are fixed and the other 
two variable. The variable arms have sufficient re- 
sistance to balance the bridge and reduce the exciter 
voltage to zero. 


INDUCTION UNIT 


Excitation System. Excitation is supplied to the 
armature of the a-c. exciter by a 25-kva. 18,800 /37-volt, 
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three-phase/six-phase connected transformer. The 
high-voltage winding of this transformer is connected 
in Y to the 25-cycle 13,800-volt station bus through 
the 25-cycle main line oil circuit breaker. The low- 
voltage winding is connected six-phase diametrical 


Fig. 5—West Section or AuToMatTic ContTrot PANELS FOR 


No. 1 Frequency CHANGER Srr 


to the six slip rings of the a-c. exciter. The armature of 
this exciter is like that of a rotary converter, having 
both"commutator and slip rings. The field punchings, 
however, which surround the armature are without 
slots or windings and serve simply to complete the 
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magnetic circuit of the armature. The commutator 
brushes are carried on two brush yokes, the arms of 
which are spaced 120 elec. deg. apart around the 
commutator. 

The brush yokes are shifted by a pilot motor. One 
yoke, referred to as the geared yoke, is connected to the 
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pilot motor through reduction gearing while the other, 
referred to as the cam yoke, is shifted from the pinion 
gear shaft by means of a cam and roller. The two yokes 
travel at unequal speeds sometimes in the same direc- 
tion, sometimes in the opposite direction, depending 
upon the position of the cam. The commutator brushes 
of the exciter are connected through the power factor 
control rheostat to the load control and power factor 
control fields of the Scherbius regulating machine. 
Fig. 10 shows schematically how these fields are con- 
nected. The voltage impressed on the power factor 
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Fig. 7—FuNDAMENTAL DIAGRAM SHOWING OPERATION OF THE 
Srrep Marcuine RELAys 


control field circuit is practically constant at all times. 
The voltage impressed on the load control field circuit, 
however, depends upon the amount of brush separation 
on the a-c. exciter, the greater the separation, the higher 
the voltage. When the brushes of both yokes rest upon’ 


MAIN EXCITER 


SUB-EXCITER 


HIGH-SPEED 
RELAY CONTACTS 


4 
MOTOR- 
OPERATED 
RHEOSTATS 


> AUXILIARY 
i) RHEOSTAT 


Fie. 8—Scuematic DraGRamM oF ExcITaTION SysTEM OF 
SyncHRoNOUS Macuine 


the same commutator segment the voltage impressed 
on the load control field is zero. This is referred to as 
the neutral brush position. . 

The basic principle of the Scherbius regulating ma- 
chine is the same as that of the neutralized d-c. machine 
with separate excitation. The armature and commuta- 
tor are of the ordinary type of construction used in d-c. 
machines and voltage is generated by the rotation of the 
armature conductors through the field produced by 
the stator winding. The commutator brushes of the 
regulating machine are connected to the three rotor slip 
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rings of the 25-cycle induction unit. The excitation 
thus furnished to the rotor has a frequency which is 
equal to the difference between the bus frequency and 
the frequency which the 25-cycle unit would have as a 
synchronous machine at its driven speed. The dif- 
ference between these two frequencies will be referred 
to as slip frequency. Thus if the frequencies of the two 
systems are exactly 25 and 60 cycles, or, if the frequency 


Fig. 9—VaARIABLE-Ratio FREQUENCY CONVERTERS SHOWING 
REGULATING EQuIPMENT FOR INDUCTION UNIT IN THE FORE- 
GROUND 


of one system is exactly 2.4 times that of the other, the 
slip frequency will be zero and the excitation to the 
25-cycle unit will be direct current. The frequency 
converters are designed to transmit from zero to 20,000 
kw. in either direction with an opposite and simultane- 
ous frequency variation of one-half cycle on each sys- 
tem. This variation will produce a slip frequency of 0.7 
cycles per second in the excitation voltage to the 25- 
cycle unit. 

Synchronizing. The closing of the 60-cycle syn- 
chronizing breaker, described in a preceding paragraph 
is shown by a white pilot lamp on the operator’s control 
board. This lamp is lighted and the 25-cycle main 
line breaker can be closed provided the locking out 
relays for both the 25-cycle and 60-cycle units are in the 
reset position, the power factor control rheostat is on 
the position which gives unity power factor at no load 
and normal voltage, the brushes on the a-c. exciter are 
on neutral position, the 25-cycle synchronizing breaker 
is open and the 25-cycle bus voltage is normal. With 
the appearance of this light the operator closes the 25- 
cycle main line breaker which energizes the exciting 
transformer and completes the connection from the 
13,800-volt bus to one side of the 25-cycle synchronizing 
breaker. As soon as the exciting transformer is ener- 
gized current flows through the a-c. exciter, thence 
through the fields of the regulating machine and from 
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the commutator of the regulating machine into the rotor 
of the induction machine. 

At this point voltage begins to build up in the stator 
of the induction machine. Since the excitation of this 
machine is derived from the station bus the frequency 
of the voltage generated in the stator is the same as the 
frequency of the bus voltage. Correct synchronizing, 
therefore, depends only upon getting the stator voltage 
approximately equal to and in phase with the bus volt- 
age. The contact arm of the power factor control 
rheostat remains on its predetermined ‘‘run-off’’ point 
until after the 25-cycle synchronizing breaker is closed. 
The contact arm always returns to this point whenever 
the 25-cycle main line breaker is opened. 

The phase angle of the stator voltage with respect to 
the bus voltage is determined by the position of the two 
brush yokes on the a-c. exciter. The direction in which 
the brushes are shifted to obtain the proper phase angle 
is determined by the operation of the voltage balancing 
relay. One coil of this relay is connected across the A 
and B phases of the bus potential transformers and the 
other coil of the relay is connected between the A phases 
of the bus and the machine potential transformers. 
One set of contacts close to run the brushes in the speed 
lowering direction (7. e., with rotation) when the ma- 
chine voltage lags the bus voltage, and the other set of 
contacts close to run the brushes in the speed raising 
direction (7. ¢., against rotation) when the machine 
voltage leads the bus voltage. A phase angle difference 
between stator and bus voltages of approximately 10 
degrees causes this relay to close contacts. 

The rapidity with which the brushes are shifted is 
controlled by the action of two contactors, device 
15-F and device 15 X-F. The a contacts of these two 
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contactors are in series with each other and are in series 
with the contacts of the voltage balancing relay. The 
connections are arranged so that 15-F picks up and 
drops out with a speed which is proportional to slip 
frequency. The operation of this contactor causes a 
shift in the brushes on the a-c. exciter in a direction as 
determined by the voltage balancing relay. 

It may be seen, therefore, that the brushes are shifted 
with a speed proportional to slip frequency to a position 
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where the stator voltage is approximately in phase with 
the bus voltage. A slip frequency of zero indicates that 
the speed of the unit is exactly correct for the system 
frequency and that there is no phase displacement be- 
tween machine and bus voltage. The brushes then 
remain on neutral and the closing of the 25-cycle syn- 
chronizing breaker takes place as soon as the machine 
voltage builds up to a value which is approximately 
equal to the bus voltage. 

The stator voltage is prevented from rising too high 
during shifting of the brushes by the voltage regulating 
relay. With the 25-cycle synchronizing breaker open, 
the lowering contact of this relay picks up a contactor 
whose 6 contact interrupts the normal brush shifting 
circuit and whose a contact causes the brushes to return 
toward neutral. This has the effect of reducing the 
stator voltage. When the voltage has been reduced to 
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25-F 25-Cycle synchronizing relay 

25X-F Auxiliary contactor for 25-F 

42-F 25-cycle synchronous breaker 

52-F 25-cycle main line oil circuit breaker 
59-F Overvoltage relay for 25-F 

60-F Voltage balancing relay: 


normal, the lowering contact of the voltage regulating 
relay opens and the normal brush shifting operation is 
resumed. 


The actual synchronizing operation is controlled by 
the action of an a-c. voltage relay device 25-F and its 
auxiliary d-c. contactor device 25X-F, a schematic 
diagram of which is shown in Fig. 11. The coil of 25-F 
is connected through two sections of external resistance 
between the A and B phases of the machine potential 
transformer. When the stator voltage rises to 12,000 
volts 25-F picks up. An a contact of 25-F picks up 
25X-F which seals itself in. When 25X-F picks up it 
short-circuits a part of the resistance in the coil circuit 
of 25-F and causes 25-F' to be connected between the 
A-phase of the bus potential transformer and the 
A-phase of the machine potential transformer. Its 
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drop out, therefore, is determined by the value of the 
vector difference voltage between the machine and the 
bus. This relay is set to drop out at 17 volts secondary 
or 2,040 volts primary which means that synchronizing 
takes place at a phase angle difference of approximately 
10 degrees or less. The dropping out of 25-F' causes 
the 25-cycle synchronizing breaker to close, connecting 
this unit to the 25-cycle station bus. 

Voltage Regulation and Load Control. As soon as the 
25-cycle synchronizing breaker is closed the 25-cycle bus 
voltage is automatically controlled by the voltage regu- 
lating relay. This relay, a contact-making voltmeter 
type, has control of the power-factor control rheostat. 
The contact circuit of this relay is interlocked with the 
contacts of two current relays of the contact making 
ammeter type which limit the current through the unit. 
One relay is actuated by the stator current and the other 
by a combination of stator current and a constant cur- 
rent derived from the machine potential transformer to 
simulate the magnetizing current, the resultant being 
proportional to the rotor current. This use of a phan- 
tom secondary current is made because the frequency of 
the actual secondary current is too variable for the 
proper operation of protective devices. 

The power factor relay, which is actuated by the 
stator current and potential, controls the direction in 
which the power factor control rheostat operates in the 
event of overcurrent. If the overcurrent is the result 
of too much overexcited reactive kva. the rheostat is 
run in the direction which increases the resistance in 
the field circuit. If the overcurrent is the result of too 
much underexcited reactive kva. the rheostat is run 
in the direction which decreases the resistance in the 
field circuit. The 25-cycle unit can be adjusted to 
operate at no load between the limits of 24,000 reactive 
kva. underexcited and 16,000 reactive kva. over- 
excited and at full load between the limits of 11,000 
reactive kva. underexcited and zero reactive kva. 

The amount of load transferred through the frequency 
converters is controlled manually by the switchboard 
operator. The amount of load transferred under any 
given condition of frequency spread on the two systems 
is determined by the amount of brush separation on the 
commutator of the a-c. exciter. The power transfer is 
limited to 20,000 kw. in either direction by the action 
of two power limiting relays whose contacts operate the 
brush shifting contactors. One relay limits the power 
transfer from the 25-cycle to the 60-cycle system and 
the other relay limits the power transfer from the 60- 
cycle to the 25-cycle system. Both the 25-cycle and 
60-cycle buses in the Page Avenue station are supplied 
through transformers of the load-ratio control type. 
The 60-cycle transformer banks: are equipped with 
eight 214 per cent taps in their high-voltage windings 
and the 25-cycle transformer banks are equipped with 
nine 21% per cent taps in their low-voltage windings. 
The operation of this tap-changing equipment in con- 


March 1932 
junction with the reactive kva. requirements of the fre- 
quency converters gives a very flexible means of control- 
ling the 25-cycle and 60-cycle bus voltages at the station. 

The synchronizing and voltage regulation of the 25- 
cycle unit may be controlled automatically or manually 
by means of a control switch. This may be turned to 
either position at any time while the set is operating. 
The power-limiting and current-limiting relays are 
operative during both automatic and manual control 
of the 25-cycle unit. 

The unit is protected against winding failure by 
current differential relays which shut down and lock out 
the set. The set is also shut down and locked out by the 
presence of overcurrent on the high-voltage or low- 
voltage sides of the exciting transformer. 

Ventilation. Although the 60-cycle unit is self- 
cooled the 25-cycle unit requires 75,000 cu. ft. of air 
per minute to limit the temperature rise to 50 deg. cent. 
This is supplied by two blowers located directly under- 
neath the air discharge of the induction motor. The 
first blower is started by the closing of the 25-cycle main 
line breaker. The second blower is started at 50 deg. 
cent. by a thermostat located in the discharge air. All 
ventilating air is supplied through automatic, self- 
cleaning filters. 


CONCLUSIONS 


The performance of this equipment during all sorts of 
system conditions during the past year has demon- 
strated the feasibility of automatically controlling large 
frequency changer sets. The stabilizing effect of the 
60-cycle high-speed excitation scheme on the voltage 
during system short circuits and the accuracy and speed 
of the 25-cycle synchronizing operation are especially 
noteworthy. Manual synchronizing of the 25-cycle 
unit is difficult because of the complex character of the 
excitation system and because of the constantly chang- 
ing value of the slip frequency. This operation is per- 
formed automatically in a very short time with no 
interchange of power between the two systems, for both 
zero spread and maximum spread of the two system 
frequencies. 
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Discussion 


O. J. Rotty: The authors have given a very clear description 
of the control scheme employed for the automatic operation of 
the very complicated requirements of the Scherbius method of 
frequency changer control. As pointed out by the authors, these 
machines are located at one of the major interconnecting stations 
of the company’s system. Although operators are required at 
this station for the various important switching operations, these 
machines are automatically controlled because experience at 
other stations has proven the automatic control to be faster, more 
accurate, and more dependable than manual operation. I¢ is 
felt by the company’s engineers that this is particularly true for 
machines so inherently complicated of operation. 


Although these machines are referred to as being completely 
automatic they might more properly be described by the popular 
term, ‘“‘push-button start and stop.”” That is, they are started 
by the operation of a manually operated control switch after 
which all steps are carried out automatically up to the point 
where it is desired to bring on the 25-cycle unit when another 
manual control switch is operated and after which all functions 
are again automatic. Manual shut-down of an entire set requires 
only the operation of a single control switch and all apparatus is 
returned to the normal off-position automatically. 


The amount of load transfer through the machines and the 
reactive kva. carried by each unit are controlled manually by the 
operator although power limiting and current limiting relays pre- 
vent exceeding full load values. The use of load control relays 
which could be set by the operator for any desired load and which 
would then definitely hold that load were considered at the time 
of purchasing the control equipment. However, this scheme was 
not adopted as it would have prevented the machines from taking 
full load at times of system trouble (if the relays happened to be 
operating at less than the full load setting) and it was felt that 
the feature of the machine automatically going up to full load 
upon system trouble was very desirable. This has proven out a 
number of times in actual operation. 


It may be of interest to mention that the same scheme as used 
for indicating synchronism of the 60-cycle unit, as described in 
this paper, is now being installed for automatically closing the oil 
circuit breaker of the 132-ky. transmission line supplying this 
station from the Osage plant, and in time it is intended to employ 
the same scheme for automatically closing other important trans- 
mission line breakers. 


Forecasting Population for Engineering Purposes 
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NGINEERS and persons responsible for the 
management of engineering projects have a com- 
mon interest in problems of forecasting population 

growth and market demands. The soundness of engi- 
neering projects depends upon their capacity to fulfil 
a real demand. Unsoundness, or even failure, may 
result from planning and designing engineering projects 
without regard to industrial and population trends. 
Similarly city planning, housing and home building 
projects, educational and social programs of various 
kinds, should ordinarily be based upon the number of 
people to be served at some future date and their eco- 
nomic and social characteristics. 


/ 
PRACTICAL VALUE OF POPULATION FORECASTS 


Within the Bell System the careful study of factors 
influencing the growth, distribution, and character of 
the population is regarded as essential to the intelligent 
planning of the telephone business. In planning exten- 
sions to the telephone plant, engineers are provided 
with forecasts of the probable telephone service require- 
ments at periods ranging from five to twenty-five years 
in the future. These forecasts are based upon the 
probable growth, distribution, and character of the 
population. On the basis of these forecasts of probable 
telephone service requirements and other pertinent 
factors, engineers determine the initial and ultimate 
size of buildings, switchboards, underground cables, 
and the pole lines and aerial cables. Thus, vastly more 
depends upon the forecasts than the mere provision of 
telephone instruments, which subscribers are apt to 
regard as the principal part of the telephone plant. In 
planning for the future the central aim of the telephone 
company is to supply the right amount of facilities in 
the right place. Manifestly, this cannot be done except 
when based on dependable forecasts of population and 
its distribution. 

Because of the need for reliable forecasts in the tele- 
phone business, the American Telephone and Telegraph 
Company and its various operating companies have 
given considerable attention to population facts and 
the interpretation of population changes. It is realized, 
of course, that population forecasts are subject to the 
same possible errors as are always present where the 
human element is an important factor. Unlike the 
movement of stars which can be predicted by astrono- 
mers to within a fraction of a second, the course of 
human activities does not lend itself to precise fore- 
telling. However, the experience of the telephone 
company has been that population forecasts can be 
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made with a very helpful degree of accuracy, thereby 
making for maximum economy in the extension of the 
telephone plant. 


BASIC CONSIDERATIONS INVOLVED 


Several mathematical formulas have been devised on 
the assumption that future population can be deter- 
mined from past trends by the mere application of 
figures in the formula. It is believed, however, that 
such formulas place too much emphasis on past trends 
and ignore the fact that new influences are always 
appearing and that old influences are frequently ceasing 
to be of importance. They also tend to give a sense of 
security to the use of an estimate which is unwarranted 
by the basic assumptions which have been made. 
Obviously, it is always well to study the past, but it is 
never safe to assume that the future will reproduce the 
past. 

Cities and regions grow not from mere wishing or 
boasting, but usually because of definite geographic and 
economic advantages which enable them to develop 
population supporting activities in competition with 
other localities. Forecasts are apt to miss the mark 
rather widely if the forecaster has only a local point of 
view. From a local standpoint, there may appear to 
be very good reasons why a region should make great 
advances agriculturally; from a national standpoint, 
it may appear more reasonable to expect a con- 
traction in its agriculture. Similarly a town may 
appear to be an ideal location for a particular line 
of manufacturing; but if a competing town is better 
situated in respect to raw materials and markets, and. 
if it offers cheaper power and a better labor situation, 
then the advantages of the first town are likely to be of 
little avail. The national outlook eliminates the opti- 
mism based on the pride of those born or residing in the 
particular locality for which the forecasts are being 
made, and the conclusions reached by a broad point of 
view undoubtedly are much more likely to be realized. 
Dependable population forecasts cannot be based upon 
what should or could be done; they must be based upon 
what most probably will occur. 


POPULATION OF THE UNITED STATES AS A WHOLE 


Because communities are competing with each other 
for the population growth of the United States as a 
whole, population forecasts for States and for individual 
cities should be made with due regard to population 
trends of the country asa whole. Some of the facts and 
tendencies that have a definite bearing upon the popu-. 
lation growth of the United States briefly may be sum- 
marized as follows: 


1. The United States is almost certain to continue a 
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restrictive immigration policy for many years to come. 
Until the last decade immigration contributed heavily 
to our population growth. This is clearly evident from 
the 1930 census figures, which showed that foreign-born 
whites and their children constituted 31.1 per cent of the 
country’s total population. In the future, population 
increases must depend more and more upon the excess 
of births over deaths. 


2. The birth rate in the United States has been de- 
clining gradually for several years, due to such factors 
as generally higher living standards, smaller living 
quarters, marriages in which both husband and wife are 
breadwinners, the tightening of immigration restrictions 
against the prolific races, and finally wider knowledge 
and utilization of birth control information. Although 
there have been reductions in infant mortality, the 
effect has not been sufficient to prevent a decline in the 
rate of natural increase. For example, in 1910 the birth 
rate was about 30 per 1,000 population and the death 
rate was 15, while at present the birth rate is very close 
to 19 and the death rate about 12. Thus, in twenty 
years the margin which represents natural increase in 
population has decreased from 15 per 1,000 to 7. 

The number of people in Continental United States 
in the last forty-year period together with increases in 
each ten-year period is indicated below: 


POPULATION OF CONTINENTAL UNITED STATES 


Increase during previous decade 
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The gain during the 1920-1980 decade exceeds by 
more than one million the largest previous gain, that 
occurring in the period 1900-1910, and it is 3.3 million 
in excess of the growth realized in the decade just pre- 
ceding, that is, from 1910 to 1920, when the net immi- 
gration was 25 per cent greater and the rate of natural 
increase some 10 per cent higher. A partial explanation 
of this seeming inconsistency is in the probable greater 
efficiency with which the 1930 count of inhabitants was 
made. Due to the better selection, training, and higher 
compensation of the 1980 enumerators, they probably 
did a better job of counting, also, the 19380 census was 
relatively more accurate because of the better rural 
roads, more extensive telephone service, the policy of 
permitting recounts, and better organization and super- 
vision of the over all undertaking. Furthermore, the 
period of counting of the 1910-1920 decade was some 
six months shorter than that of the 1920-1930 decade. 
It seems evident that the natural rate of population 
growth has been steadily slowing down, and that the 
same general tendencies will prevail over the next 
twenty years. 
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Now the slackening in the rate of population growth 
for the country as a whole will naturally be reflected in 
the population increase to be divided among the urban 
and rural communities making up the total population. 
Unless a community is relatively better situated than 
in the past, it cannot expect to maintain its past rate of 
growth. In order to hold its natural rate of increase, 
the population supporting activities of a community 
must expand proportionately. In order to increase at a 
higher rate, its advantages must be such as to attract 
population at the expense of less favorably situated 
communities. 

There is one factor which lends emphasis to the 
general statement that a community must be relatively 
better situated to maintain its past rate of growth, 
and this consideration is the increasing mobility of 
the American people. Population in the United 
States has always been highly mobile; that is to say, 
the American people have been peculiarly ready to 
move in response to economic activity, including the 
opening of new lands for agriculture, and other attrac- 
tions. But the point is that the development of im- 
proved means of communication and transportation 
and the spread of information concerning the relative 
advantages or disadvantages of this or that part of the 
country as a place in which to live and labor have accen- 
tuated this mobility. Because of this the real -ad- 
tanges or disadvantages of communities are likely to 
play a larger role than heretofore in determining their 
relative capacities to attract or to hold population. 

Urban population has been increasing at a far higher 
rate than rural population. During the past decade 
the increase in the rural population was 2.4 millions as 
against 14.6 millions for the urban centers. Whereas 
the 1900 census reported only 40 per cent of the popula- 
tion as urban, the corresponding figure in 1930 was 56.2 
per cent. The city-ward tendency in population, which 
is nation wide and regarded by some as a dangerous 
trend, is intimately related to fundamental economic 
changes, including (1) the capacity of the farms to 
maintain a rapidly increasing urban population, aided 
by the constant development of labor-saving machinery, 
including farm tractors and scientific agriculture, and 
(2) the transfer to the cities of many labors that were 
formerly a part of farm work. Contributing factors le 
in the tendency of our export trade to shift from raw 
materials to manufactured commodities, the increasing 
per capita demand for manufactures in this country as 
a result of the rising standard of living (a tendency that 
is temporarily obscured by the present general business 
depression), and also in the additional opportunities for 
untrained workers in the cities, brought about by the 
decrease in the foreign labor supply after the drastic 
restrictions on immigration went into effect and by the 
unusual growth in the service industries. 

Further scrutiny of the census figures indicates that 
the larger cities in the country are growing more rapidly 
than the smaller cities. Individual exceptions to the 
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general rule may of course, be found. Between 1920 
and 1930 the total growth of the ten largest cities in the 
United States, including their suburban territories, 
accounted for approximately 40 per cent of the total 
population increase of the country. The entire group of 
cities of over 10,000 population obtained 68 per cent of 
the country’s total increase; and if the suburban areas 
of the cities over 50,000 were included, the proportion 
is raised to 86 per cent. 

Not only has urban population been increasing at a 
far higher rate than the rural population, but the ten- 
dency is one that probably will continue in the future. 
Looking ahead to 1950, one sees little reason for esti- 
mating a materially larger farm population than at 
present. There will doubtless be substantial farm losses 
in many sections of the country. Also the group of 
smaller towns and cities, say those below 5,000 popula- 
tion, probably will increase but slowly. All present indi- 
cations point to the probability that substantially all 
of the country’s population growth will be absorbed by 
the group of cities of over 10,000 population and the 
smaller communities tributary to metropolitan centers. 


PURPOSE AND VALUE OF ECONOMIC SURVEYS 


The specific population forecasting job of the South- 
western Bell Telephone Company involves individual 
forécasts for some seven hundred towns and cities in 
which it operates, scattered throughout the States of 
Missouri, Kansas, Arkansas, Oklahoma, and Texas. 
Inasmuch as its long-distance lines serve either directly 
or through connecting with the lines of other telephone 
companies virtually every section of these five States, 
the job includes also forecasts of the probable population 
of various regions or sections of each State and for each 
State as a whole. 

With a view to providing; a more or less definite 
picture of economic conditions and trends in its terri- 
tory, the Southwestern Bell Telephone Company 
inaugurated a series of economic surveys covering the 
five States in which it operates. The first of these 
studies was made in 1924 and the last of these com- 
pleted in 1930 just prior to the 1930 census. It is 
planned to check the statements and forecasts from time 
to time against the conditions realized and to correct 
or supplement them as may appear advisable. The 
general plan of these studies involved an analysis and 
presentation of the following subjects: 

1. Natural features, including a study of land form, 
soils, climates, vegetation, and water resources, with 
respect to their influence on activities. 

2. The situation and outlook of the State’s basic 
industries—agriculture, manufacturing, lumbering, and 
mining—in relation to population. 

3. The comparative conditions and prospects in the 
various natural or economic-geographic regions of the 
particular State, the regional treatment being essential 
because of the dissimilarity of conditions prevailing 
over most States. 
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4. A detailed analysis of the situation and outlook 
of the principal cities. 

5. The effect of the probable population changes on 
the demand for telephone service. 

Illustrative of the kind of questions for which answers 
were sought by the State economic surveys are these: 

How will the expansion (or perhaps contraction) of 
agriculture be distributed over the State? Will farmers 
have a greater or lesser purchasing power? What is the 
manufacturing outlook in the State? What kind of 
manufacturing activities may be expected to expand 
and what about their localization? Will the increase 
in the population-supporting activities be sufficient to 
cause the State to attract large numbers of persons from 
other States? 

Since the answers to such questions influence directly 
the planning and management of the telephone business, 
the company engineers responsible for the population 
forecasts necessarily dealt with hard facts and figures; 
they recognized that reliable forecasts could not be 
made if unfavorable conditions and undesirable tenden- 
cies were ignored and only the bright side were stressed. 
Always they attempted to maintain an unprejudiced 
position, recognizing that many parts of the country 
possess advantages as fields for the employment of labor, 
capital, and executive ability, and that localities are in 
competition with one another for shares of the country’s 
total population growth. 

The organization for making the surveys and pre- 
paring the reports was small. Before issuing the final 
report the manuscript and the population and telephone 
forecasts were carefully reviewed in group conference. 
Personal inspection tours of each state were considered 
essential. Before making such trips it was considered 
desirable to collect and review carefully such information - 
as was available on the particular area to be covered. 
Working diagrams and maps were prepared and the 
various chapters of the report were tentatively sketched. 
This procedure usually revealed conflicting statements 
as to matters of both fact and of opinion, thereby indi- 
cating some of the things to be cleared up during the 
inspection trip. This preliminary study also revealed 
gaps in the information which needed to be filled. 
Obviously, such a procedure was necessary in order to 
obtain maximum results from both the observation and 
interview work involved in the inspection trip. 

Prior to the field trip, working contacts were estab- 
lished with the State University and the State College 
of Agriculture, with the department heads of the State 
government, and with the agricultural and industrial 
departments of the railroads operating in the State. 
Throughout the conduct of the job, valuable assistance 
was rendered by various Government Bureaus in 
Washington. 

During the field inspection trips, interviews were had | 
with persons in many lines of work, including State 
officials, University and College professors, agricultural 
experiment station directors, bankers, manufacturers 
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and distributors, county agents, representatives of 
associations of various kinds, and also with local repre- 
sentatives of the telephone company. Of course, all the 
materials and suggestions gathered in this manner could 
not be accepted at their face value, because local pride 
and enthusiasm were not always carefully restrained. 
However, it was usually possible to detect misinforma- 
tion and prevent it from coloring the final appraisals and 
analyses. Apart from furnishing information, a con- 
siderable number of persons volunteered or were asked 
to criticize sections of the report, and their cooperation 
in this regard helped greatly to reduce the number of 
erroneous statements and conclusions in the final report. 
The formal reports which present the findings and 
conclusions, vary in length from 150 to 275 pages, de- 
pending partly upon the complexity of the problems 
encountered. It was found desirable to describe the 
conditions encountered and present the line of reasoning 
upon which each conclusion was based. Thus the 
reports can be readily checked and supplemented when- 
ever it is desirable to do so. Readability as well as ac- 
curacy was sought. Maps and charts were freely used 
in the reports, and much of the discussion was centered 
about them. The subjects covered by the maps and 
charts of the ““Economic Survey of Texas’’ included the 
following. 
Regional Comparison of Area, Population, and Number of 
Telephones, 1928 and 1950. 
General Land Form Features. 
Distribution of Rainfall. 
Native Vegetation. 
Irrigated Areas and Principal Artesian Belts. 
Maps showing details of the various natural regions in Texas. 
Population Changes by Regions, 1920 to 1928. (estimated). 
Net Interstate Movement of Population in and out of Texas, 
1900-1910, 1910-1920. 
Population Density by Counties, 1928 (estimated). 
Per Cent of Farm Population Colored by Counties, 1925. 
Foreign-born White Population as Per Cent of Total by 
Counties, 1920. 
Per Cent Illiterate in Population 10 Years of Age and Over, 
by Counties, 1920. 
Telephones Per One Hundred Population (Texas compared 
with Missouri, Kansas, Oklahoma, Arkansas, and Total 
United States) 1905 to 1928. 
Telephones per 100 Population, by Exchanges, 1928. 
Per Cent of Farms Having Telephones, 1925. 
Trend in Acreage of Principal Field Crops, 1900 to 1927. 
Trend in Number of Live Stock, 1900 to 1927. 
Per Cent of Land Area in Harvested Crops, by Counties, 
1924. 
Average Value of Farm Lands and Buildings Per Square 
Mile, by Counties, 1925. 
Average Value of All Farm Property Per Farm, by Counties, 
1925. 
Per Cent of Farms Operated by Tenants, by Counties, 1925. 
Change in Number of Farms, by Counties, 1920-25. 
Distribution of Cotton Acreage, by Counties, 1925. 
Trend in Cotton Production (World, United States, and 
Texas) 1900-1927. 
Series of figures showing distribution of live stock and prin- 
cipal farm crops. 
Approximate Per Cent of Land in Forest and Woodland, by 
Counties (Hast Texas), 1925. 
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Sketch Map Showing Location of Principal Minerals (Other 
than Oiland Gas). 

Petroleum Production, 1896-1927. 

Trend in Oil Production by Major Districts, by Months, 
1926-1928. 

Principal Manufacturing Industries (Establishments and 
Wage Earners) 1925. 

Wages Paid Per Wage Earner in Principal Manufacturing 
Industries, 1925. 

Average Number of Wage Harners Engaged in Manufactur- 
ing, by Counties, 1925. 

Number of Active Cotton Spindles (United States, the 
South and New England, 1880-1927). 

Location of Cotton Mills in Texas, 1928. 

Railroad Mileage in Texas, 1870-1926. 

Railroad Construction in Texas Lines, 1925. 

Map of Texas Illustrating Changes in Freight Rate Making 
Practises. 

Trade Territories as Indicated by Bank Relationships. 

Trade Territories as Indicated by Toll Traffic. 

Trade Channels Between Texas and Mexico. 


It is, of course, too early to determine the accuracy of 
the 1950 population forecasts made for the States and 
for the individual cities and towns. Obviously, many 
uncertainties attend the making of forecasts of this kind. 
That the population and market guide posts established 
by the surveys are of considerable value has, however, 
been thoroughly established. As previously indicated 
population forecasts were made for future years. It 
may be of interest, therefore, to compare the 1930 
estimates with the 1980 census returns. In the tabula- 
tion below the estimates for January 1, 1930 have been 
projected to April 1, 1980, the census date. 


Census Economic sur- 
returns vey estimates 
1930 1930 Per cent 
(April 1) (April 1) difference 
IVEISSO UDI Aaaiee te Raat, ree Gate Cheer 3,029,301. 2 ou 3;626/000-........ 0.09 
ATIEATISARH Er we tiers bas Seamer 1,854,482..... AS5O0005- ks Sei 0.24 
TE TAS AIS a ae dds ere 1,880,999..... 1,864;,000.5. 27.2, 0.90 
Olclahomlalcrc veces cies ome Gees 2,396,040..... 20S, OO0ssn ce 0.75 
TOXAGS. Sa Ne acs hea BIS24y 715, eam or ieh OOO Sanaa 0.82 


FORECASTING THE POPULATION OF A CITY 


By the nature of things, no two cities present situa- 
tions precisely alike. Indeed, one of the most striking 
facts is their dissimilarity. However, in analyzing the 
past growth of a city and in forecasting its future, there 
are usually five principal influences to be considered: 


1. Size and character of its tributary trade territory. 
2. Its industrial expansion. 

8. Its attraction as a home center. 

4, Governmental activities. 

5. Institutional activities. 

1 


. Study of the trade territory of a city is essential to 
an analysis of the population supported or likely to be 
supported by the wholesale, retail, and general office 
business of a city. There are various grades of trade 
centers, grading upward in order from cross-road stores, 
hamlets, villages, towns, county-seat towns, small cities, 
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minor cities, major cities, to metropolitan cities. All 
grades of trade centers function as agencies both for the 
outward distribution and the inward collection of goods. 
The typical cross-roads store, for example, may dis- 
tribute only such articles as are in general demand by a 
small farming population and serve as a collection 
agency for, perhaps, only the surplus production of 
butter and eggs of nearby farms. At the other extreme 
are the metropolitan cities with varied and far flung 
distribution, and collection agencies of the type which 
make them great primary markets for such commodities 
as grain, cotton, or livestock. 

The term “trade territory” is often used rather 
vaguely. Sometimes it is used to designate the terri- 
tory tributary to the retail business of a city; and at 
other times, it may refer to the territory tributary to 
the wholesale business. For the smaller towns and cities 
the term is less subject to confusion, since the wholesale 
business is, in most cases, negligible. The larger cities, 
however, ordinarily hold a dominant place in the 
jobbing and wholesale trade of a zone that reaches far 
beyond the territory served by its retail stores. The 
metropolitan cities may even have a nation-wide dis- 
tribution for some commodities. Also, it should be 
recognized that what is usually designated as the trade 
territory of a city is seldom, if ever, exclusively its own, 
for trade territories are over-lapping. 

However, for purposes of analyzing the past and 
probable future, of the wholesale and retail business of a 
city, its trade territory can usually be defined with 
sufficient clearness. Aids in this include the analysis of 
banking relationships, newspaper circulation, and the 
distribution of sales of representative wholesale estab- 
lishments. The analysis of the long distance telephone 
traffic in a number of States has largely confirmed the 
ideas of the respective trade territories of the principal 
cities as obtained by the examination of other data. 

Many cities have had a rapid growth as trading 
centers along with the development of a tributary terri- 
tory which has been settled rapidly. On the other hand, 
where rival trading centers have developed within the 
territory formerly tributary to a city, or where the terri- 
tory has ceased to grow, then the importance of the 
city itself as a trading center has diminished. The trade 
territory of practically every city is changing, increasing 
or decreasing in extent and also undergoing changes in 
the character of the population. In respect to the latter, 
it should be remembered that the importance of a trade 
center depends not only upon the number of peoplein the 
tributary area but also upon their standard of living. 
Low living standards are unfavorable to the develop- 
ment of sizeable trade centers; while high living stand- 
ards, in housing, furniture, vehicles, clothing, recreation, 
make for numerous and large trading centers. 

In an analysis of the probable future changes in the 
trade territory of a city, consideration must be given 
to the trend in agriculture and industry, to such factors 
as improved highways, motor trucking, and changes in 
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freight rates. For example, it seems clear that im- 
proved roads and the use of the automobile will continue 
to diminish the importance of many small towns. 

2. Giving full value to the probable more intensive 
development of many sections of the country it now 
appears that the growth of most of our cities during the 
next twenty years will be due primarily to their relative 
attractiveness for industrial expansion. 

For purposes of population analysis, it is helpful to 
classify industries. Industries may be grouped ac- 
cording to those which attract population, such as 
steel mills and automobile factories, and those which 
result largely from the presence of population, for ex- 
ample, bakeries, laundries, and ice cream factories. 
Obviously, the growth of industries of the latter type 
must depend upon the increase in the population of the 
particular communities which they serve, or upon an 
increased per capita demand. Again, it is helpful to 
consider industries from the standpoint as to whether 
they are conservative or exhaustive in nature, that is, 
whether their supplies are continuous or temporary. 
The lumber industry, as it has been carried on in this 
country, is a striking example of an exhaustive industry; 
many towns have either become extinct or else greatly 
declined in population when their lumber industries 
have moved on following the exhaustion of tributary 
lumber supplies. In many places, industries based upon 
the presence of minerals are exhaustive. For example, 
if a city is supported mainly by oil refining, and if the 
refining industry depends upon a single oil pool, the time 
will almost certainly come when the city’s population 
will be greatly reduced unless other population support- 
ing activities are developed. 

If a city has diversified manufacturing plants, its 
growth is likely to be more uniform or stable than for a 
city where a single industry is dominant. A one indus- 
try town may have a rapid growth or a very slow one, 
depending on whether the industry is prosperous, or 
the reverse. It is well to note the different industries 
do not contribute to the population of a city in exact 
ratio to the number of employees. In a number of 
industries, including the manufacturing of shoes and 
clothing, a large proportion of the workers are girls and 
women, representing second and third members of a 
family. Further, one must consider the effects of labor 
saving machinery. In the past virtually all industries 
have been able to increase their output by the applica- 
tion of labor saving devices, without a proportionate 
increase in the labor required, and it is certain that this 
tendency will continue. Thus the industries of a city 
may increase their output materially, without a corre- 
sponding incréase in population. 

3. There are many people who choose a place to 
live rather than a place to work. Among these are 
the independently wealthy, the retired, and the adven- 
turers. These people seek living conditions to meet 
their desires and adjust their occupations, if necessary, 
to what is attainable where they choose to live. Thus 
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large numbers have gone to certain cities because of 
climate, to other cities because of amusements, and 
almost every city, large or small, attracts some from 
the nearby sections because of city conveniences in 
general. 

The classes who seek places to live first and occupa- 
tions afterwards are likely to increase in the future. 
As wealth accumulates in the United States, the number 
who can live on the income from investments will grow. 
Cities and towns offering special advantages as home 
centers are likely to attract a larger proportion of the 
retired element than formerly, owing to the increasing 
tendency of this class to go longer and longer distances 
from their original home. 

4. The national capital and many of the State 
capitals owe their growth primarily to the activities of 
the Federal or State governments. Governmental 
business requires a certain clerical force which tends to 
increase with the development of the country or the 
state, and with the complexity of the governmental 
machinery. The late war gave an abnormal impetus to 
the establishment of new departments and to centraliza- 
tion in general. In the past there has been a general 
tendency to enlarge the functions of governments, but 
for the immediate future it seems reasonable to expect 
an increasing pressure for more economical govern- 
mental administration expansion. 

5. Many cities in the country have military estab- 
lishments, educational institutions, penitentiaries, etc., 
which add considerable numbers to the population. 
Sometimes institutions of this character are relatively 
so large and are subject to such wide fluctuations in size, 
that they tend to render past rates of growth of the city 
misleading and to make forecasting of the future ex- 
tremely difficult. In analyzing the population growth of 
such cities, it has been found advisable to isolate the 
past population related to institutions and treat this 
influence separately in forecasting the future. 

Many cities possess the advantages just described in 
more or less equal measure, yet their past and pros- 
pective rates of population growth vary widely. It is 
here that well directed efforts on the part of various 
civic bodies are important. The community which 
effectively advertises its natural advantages of location 
is likely to grow, while a neighboring city equally well 
situated may stand still or even decline. Civic spirit is, 
therefore, a proper consideration in every population 
forecast. Through advertising activities a few of our 
cities have attracted a larger population than they can 
hold, and the slump which is bound to follow will per- 
haps permanently injure them. On the other hand, 
some cities have probably retarded their growth by 
advertising which so glaringly exaggerated their attrac- 
tiveness that their real advantages were overlooked. 

In the telephone business, and in most other busi- 
nesses where advance planning is required, it is im- 
portant not only to know the probable growth of 
population, but also its character and distribution, 
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and its division into family units. Future population 
growth is forecasted upon the basis of certain definite 
factors already referred to, including expansion of in- 
dustry or commercial activities which support popula- 
tion. In estimating the amount of population that 
probably will be located in high grade, medium grade, 
and poor sections of the city, it is essential to know 
rather definitely the class of population which is sup- 
ported by the various activities. Obviously, if, in a 
particular city, population growth is expected to result 
from expansion of industries which employ principally 
common labor, both the character and distribution of 
the population will be quite different than if growth 
results from, say, an increase in wholesale and general 
office business. Similarly, character and distribution 
will be different if the growth comes mainly from an 
increase in population of the wealthy retired class. 
Further, it is well to note that each part of a city is 
in competition with other sections of the city for the 
limited population growth of the whole community 
in much the same manner as cities compete with each 
other. 


CONCLUSIONS 


Population forecasts, when carefully and _ intelli- 
gently made, serve a valuable purpose in helping to 
direct the employment of labor and capital to places or 
projects where they are most needed. What will most 
probably occur is always the first consideration in 
population forecasting. Sound forecasts cannot be 
made to rest upon a local point of view; national factors 
are always involved, frequently they are international. 
In boom periods it is necessary to guard against the 
tendency to overestimate, while the reverse is true of 
dull periods. Because of the fundamental influence of 
economic and geographic factors in determining the 
population growth of cities or regions, the economic 
survey is invaluable in determining the probable future 
number of people in a particular city or region, and their 
social and economic characteristics. Meticulous pre- 
cision is impossible in making long range population 
forecasts, but it is both possible and practicable to 
obtain a valuable working knowledge of conditions in 
the future. 


Discussion 


Seymour H. Cronk: After a consideration of Mr. Holsen’s 
paper, I am impressed with the importance of one of his implica- 
tions. This is, that most engineering cannot be an exact science 
because of the variable nature of the basic assumptions which it 
is necessary to make before preparing plans for specific projects. 
These assumptions usually involve population and marketing in 
one form or another. 

The present depression has emphasized to many minds that a 
given engineering expenditure would be better apportioned in 
almost every case if money spent in the preparation of specific 
plants were limited, if necessary, to the bare essentials and more 
money were spent in economic research bearing upon the basic 
assumptions involved. 
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If there is any measure of truth in the statement of Dr. Wright, 
President of the A.S.M.E., that the Engineering profession should 
share in the blame for the present depression because of its part 
in throwing production out of balance with consumption and 
distribution, then there is a real need for a closer liaison between 
economies and engineering. 


The purpose of this discussion is to make the point that, accord- 
ing to my observation of engineering trends, the Bell System has 
for some years been concerned more and more in establishing as 
reasonably and precisely as possible the basic economic and social 
assumptions allied with each project for which money is to be 
spent. 

An economic study and estimate which we are completing for 
Kansas City, Kansas, and which illustrates the economic work 
done in connection with exchange planning is given in the 
following. 

The Kansas City economic study and estimate will form the 
basis for the technical plans and will be used to indicate the 
proper ultimate location and size of new central office buildings, 
and the best location and size of conduit to be installed under 
the streets. If plant is to be installed for best service and econ- 
omy, it must be placed so as to be adequate without being waste- 
ful over a period of at least twenty years. 


So the economic problem was to reconstruct Kansas City by 
blocks on paper as nearly as possible as it will be twenty years 
in the future. The value of the state economic survey with its 
population estimates and analysis of industrial trends is obviously 
great in such work. In Kansas City, all present building de- 
velopment, telephone development, and population or ‘‘family”’ 
data were recorded by blocks. The amount of vacant and avail- 
able land was listed by blocks, and these “availability” data were 
even supplemented by aerial photographs. Past population 
trends by enumeration districts were studied, and the probable 
future of each of the controlling industries was studied. All fac- 
tors were considered which might at this time give any indication 
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of what population and building distribution might be expected 
in Kansas City in 1951. 

To arrive at the final result, which was a detailed growth 
forecast by blocks, required about 5,000 hours of engineering and 
economic work. 

A less carefully based estimate might be made in a few days’ 
time by other and less thorough methods. 

The reason for doing this work in Kansas City, Kansas, and 
proportionate amounts in other cities, is of course, that the tele- 
phone industry has found this, in the long run, to be the cheapest 
way of “balancing production with consumption and distribu- 
tion.”’ +9 

D. C. Jackson, Jr.: This paper is a valuable addition to engi- 
neering literature, since the matters outlined in it are generally 
applicable, not merely to any particular type of engineering 
work, but are generally of use in any field of endeavor having to 
do with the publie. 

Of the five points im the general plan of the economic surveys 
made by the Southwestern Bell Telephone Company, four are of 
importance to any organization, whether or not of an engineering 
nature, provided it has a reasonably widespread field for its 
product. To recapitulate, these points are: 

1. Natural features. 

2. Situation and outlook of the state’s basic industries in 
relation to population. 

3. Comparative conditions and prospects in the natural 
economic-geographic regions. ; 

4. Detailed analysis of the situation and outlook of the princi- 
pal cities. 

5. Effect of the probable population changes on the demand 
for telephone service. 

I have looked over the report of one of these surveys, that of 
Kansas, and it is clear that the four parts of this report which 
correspond to the first four points which I have just named are 
generally applicable to any large scale project or development of a 
business or engineering nature. 


Tape-Armored Telephone Toll Cable 


BY C. W. NYSTROM* 


Associate, A. I. E. E. 


Synopsis.—Telephone toll cables buried directly in the earth are 
coming into increased use. The cables are not installed in the more 
usual clay conduit but are protected by layers of paper, jute, and 


4 Pee cables in this country have in the past been 
installed either aerially on pole lines or under- 
ground in clay conduit depending largely upon the 
number of cable units needed to meet service require- 
ments over a given period of time. In those parts of the 
country where relatively few cables will suffice to meet 
toll needs for a long period of time, it is usually more 
economical to employ aerial cable rather than under- 
ground cable in conduit. While there will continue to be 
a definite field of use for aerial toll cable particularly 
where difficult subsurface conditions obtain, there are 
many toll routes where ground conditions are favorable 
on which one or two cables will serve all needs for a long 
period, and it is for this type of case that tape-armored 
cables were developed as an alternative to aerial cable. 
The cable is termed “‘tape-armored”’ because of its 
outer protection. Lead-sheath cable of the type ordi- 
narily used for toll service is first covered with a wrap- 
ping of paper followed by two layers of jute roving. 
Two steel tapes, one over the other, are then applied, each 
tape being two inches wide and forty-one mils thick. 
A separation of one-half inch is maintained between 
adjacent turns of the tape, and the outer layer is so 
placed that it covers the space left between the windings 
of the inner layer. Two wrappings of jute cover the 
tape. The lead sheath, paper, jute, and steel tapes are 
thoroughly coated with an asphalt compound; the com- 
pleted cable is given a coat of whitewash to prevent 
adjacent layers from sticking together on the cable reels. 
Such a cable of so-called full size has a diameter of 314 
in. and a weight of 11.3 lb. per ft. as compared with 
the 25%-in. diameter and 8-lb. weight of unarmored 
cable. 
' Buried tape-armored cables possess several advan- 
tages over cables carried on pole lines or in underground 
conduit: 

1. Easements for buried tape-armored cable on 
private rights-of-way may sometimes be obtained more 
cheaply than for pole lines, as the use of the land for 
ordinary agricultural activities is not disturbed. 

2. Induced currents from paralleling power lines 
are appreciably less than in unarmored aerial or under- 
ground cables, due to the shielding effect of the steel 
tapes.! 

*Southwestern Bell Telephone Co., St. Louis, Mo. 

1. Trends in Telephone and Power Practise as Affecting 
Coordination, by W. H. Harrison and A. E. Silver, A. I. EH. E. 
Traws., June 1931, p. 437. 


Presented at the South West District Meeting of the A. I. E. E., 
Kansas City, Mo., October 22-24, 1931. 


steel tapes. The experience of the Southwestern Bell Telephone 


Company in installing some 500 miles of buried cable is described. 
* * * * * 


8. Cable may be laid to follow the contour of rough 
country and have sharp bends to avoid obstructions 
while conduit must have a fairly even grade and long 
radius curves to permit cable being pulled through it. 

4. Manholes are required at spacings of from 500 to 
700 ft. if conduit is provided, while with tape-armored 
cables, manholes may be omitted except at loading 
points which normally occur at 6,000-ft. intervals. 

On the other hand tape-armored cables may have 
some objectionable features. As they are buried 
directly in the earth, the location and repair of troubles 
are generally more difficult and expensive than for aerial 
cables; however, improvements in methods for main- 
taining buried cables should reduce such costs, and 
in any event, the amount of trouble per cable-mile may 
reasonably be expected to be much less than on aerial 
cables because of their security from damage by 
storm, fire, bullets, ete. 


The first tape-armored toll cable in this country was 
installed by the Southwestern Bell Telephone Company. 
Other telephone companies have since placed similar 
cables but in view of the writer’s greater familiarity 
with work in the Southwestern Bell territory, this paper 
will deal, in general, only with that Company’s 
experiences. 


One of the first considerations following the decision 
to place a cable is the selection of the route. Between 
Fort Worth and Cisco, Texas, where the first tape- 
armored cable was placed, the country for some 
15 miles west from Fort Worth is rolling, with hills 
gradually increasing in height. For the remaining 85 
miles the topography becomes extremely rugged with 
large quantities of rock found in the soil and the 
country is covered with dense growths of scrub oak 
and other underbrush. Roads are few and accurate 
maps were not obtainable. The difficulties and time 
required in making a detailed ground survey were 
such that it was deemed advisable to photograph the 
general route from an aeroplane. From the photo- 
graphs so obtained a tentative route was marked out 
and found to be of considerable assistance in expediting 
the ground survey which is, of course, necessary in any 
event. With fairly open country, frequent roads and 
adequate maps, there ordinarily would be no necessity 
for a preliminary aerial survey. 


With regard to right-of-way for tape-armored cables, 
it is generally felt that private property is more desirable 
than public highways where road improvements such 
as straightening, widening, grade changes and reroutes 
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might necessitate expensive relocations of cables. On 
the other hand, if private property easements are high 
in price or not obtainable or construction costs on 
privately owned land are too great, it might be best 
to place cable on the highway and so located as to be 
subject to the least probability of having to be moved. 
It is evident that the question of the best possible loca- 
tion for the cable is one requiring careful consideration. 

The Fort Worth-Cisco and other tape-armored cables 
placed later are largely on private rights-of-way, in 
many instances in cultivated fields. The transporta- 
tion of five-ton reels of cable over soft and often muddy 
ground is not usually possible with an ordinary truck 
or cable reel trailer and it was necessary to design a 
suitable outfit. Fig. 1 shows the caterpillar type of 
trailer used as well as a commercial type of tractor 
necessary to haul the cable to its proper location. There 
have since been some developments in the line of four- 
wheel drive truck equipment for handling the deliveries 
on the right-of-way as well as on the highway. 

The equipment in Fig. 1 while ideal for use on soft or 
uneven ground, is not suitable for hauling cable over 


Fie. 1—Casxiet Reet TRAILER AND TRACTOR 


long distances because of its limited speed. Some of 
the hauls on the Fort Worth-Cisco route were as long as 
twenty miles from the nearest railroad siding and for 
such cases a rear-wheel drive truck with special winch 
and body equipment made fairly high speeds possible 
on highways. 

For trenching in earth a commercial wheel type 
excavating machine was first used and proved quite 
satisfactory until soil containing considerable quantities 
of rock was encountered. This rock lay just below the 
ground surface and while not in solid ledges, was so 
hard and in such quantities that the trenching machine 
could not function. After some experimenting and 
changes in design the plow shown in Fig. 2 was found 
to answer the needs quite satisfactorily. For solid 
rock or where the rock formation was such that the 
plow could not break through, pneumatic drills and 
blasting were required. 

The cable may be laid in the trench directly from 
the reel. ‘Where this method is impracticable, as, for 
example, cables crossing under paved highways, pipe 
lines or placed on steep slopes, the cable may be pulled 
over rollers placed on the bottom of the trench. Back- 
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filling was then done by a machine of the type shown 
in Fig. 3. 

The use of the rock-breaking plow focused attention 
on the further possibility of using a plow for both 
trenching and laying cable. This led to the develop- 
ment of an outfit which not only dug a trench, but 
laid the cable in it and backfilled the excavation all 
in one operation. The result was the plow pictured in 
Fig. 4. This plow after laying more than 300 miles 
of cable is still in good condition. The equipment 


Fig. 2—Rocx-BrREAKING PLOW 


consists essentially of two main parts, a chassis and a 
vertical central portion which may be raised or lowered 
to bury the cable at depths up to 28 inches. Fig. 5 
shows the lower portion of the mechanism and Fig. 6 
the complete cable laying equipment in operation. 
In connection with the latter figure it will be noted that 
the plow does not dig a trench, properly speaking, but 
merely cuts a slot through the ground. Some earth is 
thrown out and this is drawn to the center of the slot 
by the backfiller. If desired, a tractor may be run over 
the disturbed earth to pack it down. 


Fig. 3—TRrencu BACKFILLER 


Two tractors, sometimes three, are required to pull 
the cable-reel trailer, plow, and backfiller. As can be 
seen, the cable passes from the reel through a pipe 
extending into the ground. Thus as the plow proceeds 
the cable is deposited at the bottom of the trench and 
is not dragged through the ground at any time. The 
essential features of the plow are more clearly seen in 
Fig. 5. The forward or cutting end is a steel plate 
having a sharpened edge and a shoe is provided at the 
bottom to make a larger space for the cable. Side 
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plates are welded to the cutting blade and to the outer 
sides of the pipe through which the cable passes. 

Small boulders and tree roots often made progress 
very difficult for the cable laying plow. It was found 


Fie. 4—Casxie Laying PLrow—Improvep DESIGN 


that with a slot first cut through the earth, the plowing 
in was considerably expedited and cable was laid in 
locations where successful plow installations seemed, 
at first, very doubtful. The plow used for this purpose 
is called a “‘rooter’” plow. The rooter first used was 
similar to the rock plow of Fig. 2. In fact it was the 
same plow with the mold boards removed and a curved 
forward cutting edge added. The first rooter plow was 
found to lack in requisite strength and following the 
building of the second cable plow, Fig. 4, the rooter 
shown in Fig. 7 was designed. ‘This fits in the same 
chassis as the cable laying plow. Thus either the cable 


Fig. 5—Lower Part or Casie Laying PLow—IMPROVED 
DESIGN : 


laying or rooter plowing attachments may be used 
interchangeably. 

Road improvement work, pipe-line construction or 
other excavating activities may. result in damage or 
destruction to the cable if its presence is not definitely 
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indicated. Warning signs are accordingly placed on 
each side of a road under which a cable is laid, at pipe 
line and railroad crossings and any other locations 
where excavating work seems probable. Maps showing 
the cable location are furnished to highway authorities, 
railroad, and pipe-line companies and others who might 


Fic. 6—Compriets Casie Layine HQuirpMEntT 


engage in construction or repair work in the vicinity of 
the cable. The route is also regularly patrolled as an 
added precaution. 

In connection with the splicing, the lead sleeve cover- 
ing the splice necessary every 750 ft. was at first pro- 
tected by a cast iron case. When branch or stub cables 
were required out of the main cable, a modified form of 
cast iron splice case was used which provided. two 
openings at one end. The splice case was filled with 
an asphaltum compound to insure protection against 
soil corrosion for the lead sheath and sleeve, and an 
asphalt paint was applied to the outer surface of the 
case. 

The cast iron splice covering was found to be rather 
expensive and it was felt that a cheaper protection 


Fig. 7—Rooter PLrow—ImproveD Drsien 


would serve equally well. This protection consists of a 
wood case, made of 2-in. creosoted yellow pine lumber. 
Space for branch cables is provided by two openings in 
one of the end pieces. The exposed lead sheath and 
sleeve within the case are painted with an asphaltum 
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compound and covered with three layers of muslin tape 
which is also painted with the compound. 

In ordinary underground conduit installations the 
loading manholes are built of concrete or brick. For 
tape-armored cables, less expensive manholes are built 
of 2-in. creosoted yellow pine. Fig. 8 shows one con- 
taining a cable and loading coil case but with the cover 
omitted. Such a manhole costs less than one-third that 
of the most economically built concrete manhole of 


Fig. 8—Crerosotep Woop Manno. witH CABLE 


similar dimensions. It is usually 12 ft. long, 4 ft. wide, 
and 3 ft. deep. No floor is provided, the loading pots 
being buried in the earth as shown. After the top is 
placed, it is covered with earth, the depth from the 
surface to the top of the manhole being at least 18 
inches. This is necessary as it is desirable not to inter- 
fere with the use of the land for ordinary agricultural 
purposes. Since the manholes and cable are not visible 
above ground, markers are usually provided at each 
manhole and at points along the cable route to enable 


Fie. 9—ComBinep ConracrorR—TERMINAL 


ready location in cases of trouble or the placing of 
additional loading coils or a future cable. The markers 
are concrete or wood posts to which are attached plates 
with manhole numbers, distances and direction to the 
cable or other pertinent information. 

Electrical tests on tape-armored cables do not differ 
appreciably from those used for unarmored cables. 
It is estimated that 5,150 individual measurements are 
made per mile of cable and this is the minimum normal 
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amount required. If conditions difficult of correction 
are encountered—and these are sometimes found— 
many of the tests must be repeated. For the cables 
between St. Louis and Dallas, the estimated minimum 
number of individual test measyrements reaches the 
rather astonishing total of 4,500,000. 

Since the location and clearing of troubles in buried 
cables is usually more difficult than for those on pole 
lines or in clay conduit, it is desirable that a tape- 
armored cable when first placed be as free as possible 
of defects that would allow moisture to enter it. This 
end is met by testing the lead sheath with nitrogen, 
under pressure, at the factory, upon arrival at the 
destination, just before the cable:is laid or plowed in, 
a day or two later, and then before splicing operations 
begin. As splicing necessitates removal of sheath at 
each end of a length of cable, most of the gas is lost. 
Nitrogen is again introduced on completion of splicing 
in one loading section, 6,000 ft., and allowed to remain 
for about two days. If no leaks are found the loading 
coils are spliced in and the loading splices tested with 
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Fig. 10—Gas Pressure ALARM CIRCUIT 


gas. Gage readings are taken and recorded during all 
these tests. A more extended discussion of the applica- 
tion of gas-pressure testing for the detection of sheath 
breaks both during installation and afterward while 
the cable is in service has been given in a previous 
paper.’ 

Two recent improvements in connection with con- 
stant gas-pressure testing on completed cables seem 
worthy of mention, however. First is the combined 
contactor terminal shown in Fig. 9. This outfit can be 
mounted either in a manhole or on a post. It has the 
advantage over the separate units of being more com- 
pact; the contactor, which is the more deli@ate of the 
two, can be replaced very easily and the terminal is 
made gas tight. 

'Second is an improved alarm circuit that avoids a 
difficulty possible in the earlier circuits; namely, that 
the operation of any one contactor will render the alarm 
circuit insensitive to the subsequent operation of any 

2. Recent Developments in Telephone Construction Practises, 


B. S. Wagner and A. C. Burroway, A. I. E. E. Trans., July 
1929, p. 836. 
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other contactor in the 50-mile cable section until the 
first contactor is disconnected or the gas pressure is 
raised in the cable section it covers. This is due to the 
fact that a single circuit is used for alarm purposes for 
an entire repeater section of cable. The plan shown in 
Fig. 10 avoids this difficulty. The wheatstone bridge 
principle is used. When the gas pressure lowers, the 
contactor, say at location No. 1, closes. This short- 
circuits the 100-ohm resistance at the contactor and 
unbalances the bridge at the station, causing the alarm 
there to operate. Resistances equal in value to those 
at the cable contactors are terminated in jacks at the 
station and the attendant merely inserts a non-metallic 
plug in turn in each jack until the correct one is found 
as evidenced by silencing of the alarm. It will be noted 
that when the plug is inserted in jack No. 1, a resistance 
of 100 ohms is added to the circuit. As this is the 
amount removed by the operation of contactor No. 1, 
the resistance of the entire circuit is restored to normal 
and the bridge is automatically rebalanced and remains 
so until another contactor operates. This system has 
been tried out and found to operate very satisfactorily. 


It is evident that there are times when the gas alarm 
is inoperative. For example, a large sheath break or 
repair operations may permit practically all the gas to 
escape from a plug section. To protect the cable during 
such periods, another maintenance device known as the 
low-insulation resistance alarm, is often used. 


This system operates when moisture entering the 
cable lowers the insulation resistance between the 
conductors and the cable sheath. A number of pairs of 
conductors in the outer layer, 7. e., adjacent to the lead 
sheath, is connected in the repeater station to a relay 
mechanism which automatically and in regular se- 
quence, switches these conductors to a sensitive insula- 
tion resistance measuring device. A decrease in the 
resistance below a predetermined value causes an alarm 
to operate. Wheatstone bridge measurements are then 
made to locate the trouble and men are dispatched to 
clear it. Because of the minute currents flowing through 
the moistened insulation, recourse is had to the vacuum 
tube by which these exceedingly small currents may be 
amplified sufficiently to cause the operation of an 
alarm. 


So far nothing has been said as to the costs of tape- 
armored cables and sufficient experience has not been 
had with them to develop comprehensive and average 
data. Each of the cables in the Southwestern Com- 
pany’s territory has been placed under conditions which 
do not admit of direct comparisons. Soil, rock, topog- 
raphy, the time of year during construction, types of 
machinery and construction methods with continuous 
improvements on each job, and many other factors 
have all operated to make cost comparisons difficult. 
However, some general conclusions seem possible, 
based on the limited experience so far obtained by the 
Southwestern Company. 
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Using the cost of tape-armored cables as unity the 
following relations are given: 


Type of plant Costs 
One tape-armored cable.................. 1.00 
One aerial cable on pole line.............. 0.90 
Two tape-armored cables................. 1.00 
Two aerial cables on pole line............. 0.85 


It is apparent that aerial plant costs somewhat less 
than the buried type. However, certain developments 
now under consideration promise a rather substantial 
reduction in the cost of buried cable and if these prove 
successful, it is quite probable that buried plant may 
cost even less than aerial cable. 

There is another factor difficult of evaluation and 
that is the effect of service interruptions. Continuous 
and dependable service is one of the principal objectives 
of a telephone company and service failures are not 
only annoying to patrons but result in loss of revenue 
to the company. It would seem that buried cable 
should be subject to less damage from external sources 
than aerial construction, and if further experience bears 
this out the desirability of more extensive use of buried 
cables may become apparent. 


Discussion 


H.R. Fritz: In a recent presentation by Harrison and Silver* 
well grounded buried tape-armored cable is shown to provide an 
approximate shielding of 80 per cent against externally induced 
voltages, relative to the voltages induced on open wire. This 
shielding is about 30 per cent larger than that obtained from well- 
grounded lead-covered cable without armoring. : 

An extended investigation of the possible shielding benefits of 
tape-armored cable has been made on an actual field installation. 
The results were in substantial agreement with the figure given 
above. The effects of other grounded structures in the neigh- 
borhood of the test section were also noted, their contribution 
being to increase the shielding by a few per cent. It was further 
revealed that additional shielding may be obtained by grounding 
the pairs in the cable at each end through the balanced points of 
repeating coil windings. Under favorable conditions shielding 
in excess of 90 per cent may be anticipated from the combined 
effects of the steel tape, other grounded structures and wire 
drainage. 

Of the several parameters governing the shielding afforded by 
any cable sheath the admittance of the sheath to earth is particu- 
larly interesting because of the wide variations that might be 
expected to occur between different localities. Extensive investi- 
gation of tape-armored cables in this territory prior to, during 
and after installation has revealed a rather singular behavior. 
Since both the sheath and tape are covered with layers of im- 
pregnated jute wrapping it might be anticipated that the 
distributed admittance of sheath and tape to earth would be 
large. This was found to be true prior to and just after laying 
the cable. Subsequently the admittance increased very rapidly. 
Typical measurements indicated leakances of approximately 
0.000004 mho per kilofoot initially, which increased to from 
0.01 to 0.3 mho per kilofoot within two weeks after laying. In 
terms of resistance this means a change from 250,000 to as low 


*Trends in Telephone and Power Practise as Affecting Coordination, by 
W.. H. Harrison and A. E. Silver, A.I.E.E. Trans., June 1931, p. 437. 
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as 3.3 ohms per kilofoot. The leakance, once acquired, is 
retained despite subsequent drying. 


The cause of this increase has not been determined nor has 
it been established whether it may not be affected by changes in 
the manufacturing process or the composition of the wrapping. 
For the locations where it does take place the result is of course 
extremely favorable to a full realization of the shielding from the 
sheath and tape. 


Stanley Skinner: From the standpoint of routine mainte- 
nance and operation one of the new problems presented by buried 
cable has to do with the protection of the sheath from mechanical 
injury and from soil corrosion. 


In the buried cable which was placed in service between Kansas 
City and Joplin in May of this year, there is a total of a little 
more than eleven acres of lead sheath which must be kept intact. 
This sheath is about one-eighth inch in thickness and is easily 
injured. The tape armor is usually effective in preventing 
sheath damage such as abrasions and punctures which might be 
inflicted by sharp stones and the like during the installation 
period or afterward, but it may be punctured by a direct blow 
from a pick or digging bar. Consequently considerable thought 
has been given to the question of protecting the cable from acci- 
dental damage during road grading operations, strip coal mining, 
excavations for pipe lines, etc. 


The most effective protection is that afforded by care in the 
selection of the route. It is usually possible to locate the cable 
on private property at such a distance from roads and buildings 
that the probability of its being disturbed during road grading 
operations and by ordinary farm excavations is remote. It is 
desirable to follow, as nearly as possible, a direct line from 
repeater station to repeater station and with proper care such 
deviations from a straight line as are necessary may be made 
without materially increasing the length of the cable. Through 
the use of long tangential sections, a cable may be located as 
much as a mile away from a direct line between two repeater 
stations without increasing its total length more than a few 
hundred feet. 


Road crossings are unavoidable and some extra precautions 
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are required at such points. The best protection seems to con- 
sist in increasing the depth to which the cable is buried and in 
carrying this increased depth past the property line to a point 
where the cable will be clear of probable road widening opera- 
tions. Similarly it is advisable to increase the depth at points 
where the cable crosses small streams and gulleys. Certain 
types of soils are subject to very rapid erosion and this makes it 
necessary to increase the depth of the cable along hillsides or in 
descending the banks of streams. 

Since experience with tape-armored cable is limited actual 
field results as to the effectiveness of the jute and asphalt cover- 
ing as a protection from soil corrosion are not available. Labora- 
tory tests have indicated that the asphalt impregnated coverings 
should very effectively protect the lead sheath under practically 
all conditions normally encountered. Some situations may, how- 
ever, be found which would make it desirable to employ addi- 
tional protective measures. One or two cases have been en- 
countered in the coal fields where the surface water is unusually 
acid in reaction; in the same vicinity it was also necessary to use 
wire-armored cable in crossing streams. In these cases the cable 
was encased in a wood trough filled with asphalt and the trough 
buried in a trench under the bed of the stream. While it is 
doubtful that additional protection was actually needed in these 
cases, the precautions taken are mentioned as illustrative of the 
many points which must be watched in a job of this nature. 

By establishing favorable contacts between the telephone 
forces and contractors, pipe line companies, highway officials and 
others an attempt is made to prevent accidental damage to the 
cable by enlisting the cooperation of the agencies which may be 
responsible for this damage. 

Due to the limited experience with buried plant, maintenance 
practises are still in the formative stage. In addition to the 
buried cable between Kansas City and Joplin, there is an under- 
ground cable in clay ducts along the highway between Kansas 
City and St. Louis. This will enable comparisons of the cost for 
routine maintenance of these two types of toll plant. From 
present indications it appears that the cost of maintaining the 
buried cable will not exceed that’ of unarmored cable in clay 
conduit. 


The Time Factor in Telephone Transmission 
: BY O. B. BLACKWELL* 


Fellow, A. I. E. E. 


NTIL comparatively recent years the telephone 
engineer gave little attention to transmission 
time in his problems. For all practical purposes 

he could assume that speech was transmitted instantly 
between the ends of telephone circuits. The rapid 
extension of the distances over which commercial tele- 
phony is given and the introduction of long telephone 
cables has changed the situation and has introduced 
time problems in telephone transmission which are of 
large technical interest and difficulty. As a result, time 
problems are receiving more consideration in the 
technical papers published in recent years on transmis- 
sion. The attached bibliography lists a considerable 
number of such papers. There seems to be no paper, 
however, giving a general overall picture of this sub- 
ject. The present paper gives briefly such a picture. 

The time factor introduces five different types of 
problems in telephone transmission: 


1. A Slowing-Down of Telephone Communication. 
In talking over long lengths of certain types of cable, 
the time interval between the formation of a sound by 
the speaker and its reception by the listener may become 
of sufficient magnitude to slow down conversation. 
This is not a serious matter with the types of circuits 
now used in the United States, even for the longest 
distances between points in this country. It does, 
however, become of considerable importance when we 
consider the joining together of long lengths of cable 
in this country and long lengths in Europe with possibly 
long lengths of intervening submarine cable. 

2. Delay Distortion. Difference in the speed of 
transmission over a circuit of the different frequencies 
which make up speech. This may introduce peculiar 
distortions in speech which cause considerable inter- 
ference. 

3. Echo Effects. These arise from the fact that 
parts of the energy transmitted over a circuit may be 
reflected back from points of irregularity in it, particu- 
larly at the ends. Small amounts of the energy may 
wander back and forth over a circuit two or more times. 
While these echoes may affect both the talker and 
listener, they generally have the greatest effect on the 
talker who may have an uneasy feeling that the distant 
party wishes to break in on the conversation. 

4. Effects of Vorce-Operated Devices. To overcome 
echoes, and under some conditions to hold circuits 
stable, it has become the practise of connecting into 
certain types of circuits, relay devices operated by the 
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transmitted speech currents which render inoperative 
transmission in the opposite direction. In some cases 
delay in transmission may be an advantage in the 
operation of such devices. In other cases it may intro- 
duce serious difficulties. Conditions may be set up in 
which it is difficult for one party to interrupt the other. 
In other cases, portions of conversations may be locked 
out. Ifthe voice-operated devices are not properly ad- 
justed or if considerable noise is present, the devicesmay 
not function properly and speech mutilation may result. 

5. Fading. In radio, the well-known phenomenon 
of fading is due to waves arriving at the receiver over 
different paths, the transmission times of which are 
such as to cause alternate strengthening and weakening 
of the received signal by alternate phase agreement and 
opposition. While this factor is mentioned here for 
completeness, it will not be discussed further as it is 
beyond the scope of this paper to discuss the problems 
introduced when there is more than a single path be- 
tween the sending and receiving ends of a circuit. The 
present paper is limited to the conditions which hold 
where not more than one path is involved in the trans- 
mission in each direction. 


SPEED OF TRANSMISSION 


Before considering these problems in more detail it 
would be well to define what is meant by the speed of 
transmission over a circuit. There are several speeds 
which may have significance according to the problem 
involved. 

Whenever a change in applied voltage is made at 
one end of a circuit, some evidence of this is transmitted 
over the circuit to the receiving end at the speed of light. 
In general, however, except in radio, no sufficient action 
to be of use is transmitted at this speed and it is largely 
of theoretical importance. 

The speed which the engineer generally has in mind 
in thinking of line transmission is the speed at which 
the crests or the troughs of the waves pass along the 
line when a single-frequency potential is continuously 
applied at the sending end. This usually is referred to 
as the speed of phase transmission in the steady state. 
While this usually approximates the speed in which 
we are interested, it may in particular cases differ 
considerably from it. In fact, in certain types of 
artificial circuits the crests and troughs of the waves 
travel toward rather than away from the sending end. 

This speed may best be explained as follows: 

Since the speed of transmission is generally different 
for different parts of the frequency range, for simplicity, 
a particular narrow frequency range, say between the fre- 
quencies N, and Nz is considered. It is supposed that 
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electrical filters are applied to the circuit limiting the 
frequencies over it to approximately this range. If 
then, a voltage having a frequency say at midpoint of 
this narrow range is applied to the circuit for a short 
interval and then removed, the speed at which the dis- 
turbance thus set up travels down the circuit is the speed 
in which we are interested. A spurt of energy of this 
type is evidently similar to that which takes place in 
carrier telegraph systems when a dot impulse is applied 
to the circuit. This speed can be looked at, therefore, 
as that of carrier telegraph signals so formed. 

The speeds on this basis of a number of standard 
constructions which represent good engineering prac- 
tise today are approximately as follows: 


Approximate speed in 
miles per second 


Type of circuit 


Cable circuits loaded with 88-mh. coils at 3,000-ft. 


SPACING haar he vin ocecs eter ohetees eet aens ee eee are 10,000 
Cable circuits loaded with 44-mh. coils at 6,000-ft. 

BBCI oo eo fe ea ei Res reais ICs tate oho Ro cae 20,000 
Cable pairs of non-loaded 16 B. & S.gage........... 130,000 
Non-loaded open-wire pairs..................--- 180,000 
Radio)? se¥ 5 eg ean etenehnn oP Oacand eecbieraetmutot hee 186,000 


CAUSES OF TIME LAG IN TRANSMISSION 


A pair of wires of zero resistance in free space sepa- 
rated from all other conductors and without leakage 
would transmit electrical waves over it at the speed of 
light. It will be noted from the above table that non- 
loaded open wires transmit at a speed not differing 
widely from this. What retardation exists comes largely 
from the glass insulators which cause an increase in 
capacity and the resistance of the wires, which causes 
an effective increase in inductance. 

In cable circuits there is still further retardation by 
the increase in the capacity between the wires because 
of the necessity of using a certain amount of solid di- 
electric and particularly from the increase in the induc- 
tance of the wires when loading coils are inserted in them 
to decrease attenuation. 

In actual circuits there is still some further retarda- 
tion by the apparatus which is necessarily inserted at 
the terminals and at intermediate points along the 
circuit. The figures given in the above table are for the 
bare circuits. The delays caused by apparatus will, in 
general, reduce these speeds from 10 to 25 per cent. 


SLOWING-DOWN OF TELEPHONE CONVERSATION 


Considering the first of the above factors, it is noted 
that so long as the speaker at one end of a telephone 
circuit continues to talk, the listener at the other end 
will hear the speech in proper time relation, independent 
of how much absolute delay there is in going from one 
end of the circuit to the other. However, when the 
speaker asks a question and waits for the answer, the 
slowing-down effect on his conversation will evidently 
be the time of transmission of his question to the dis- 
tant end and the transmission back from the distant 
end of the answer. Considering the speed shown in the 
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table, however, consideration may be taken of the fact 
that the non-loaded constructions, both open wire and 
cable, and the radio, are of such high speed that con- 
versations could be carried on over them for the longest 
distance between places in the world without appreci- 
able difficulty. This, however, is not the case for the 
loaded construction. Assume, for example, that a 
length of 4,000 miles would cover the wire line distance 
between any two points in this country. For the slow- 
est construction noted, an interval of 0.8 second is 
required for transmission to the distant end and return. 
While it is possible to carry on conversation over a 
circuit with this delay, it is larger than is considered 
desirable. The faster of the loaded constructions shown 
would give a delay over circuits of this length which 
represents somewhere about the limit of what, at the 
present time, is considered satisfactory. Incidentally, 
the slowest of the constructions shown, for this and 
other reasons, is not proposed for use except for com- 
paratively short distances. 

Communication engineers must look forward to the 
time when the longest cable distances in North America 
are connected, in some cases by submarine cable, to 
long lengths of cable in Europe. With this as an ulti- 
mate objective, this matter of the direct effect of delay 
on conversation has become of considerable interest. 

An appreciation of the transmission time on long 
telephone circuits may perhaps be gained by con- 
sidering the distance required to produce an equivalent 
delay of sound waves traveling in air. For example, it 
takes about as long for a radio wave to travel half 
way around the earth at the equator as it does for a 
sound wave to travel from one speaker to another when 
the distance separating them is about 75 ft. Inci- 
dentally, the time required for a radio wave to travel | 
from the earth to the planet Mars would be from about 
3 to 20 minutes, assuming that it got there at all. 
Evidently if we have neighbors on Mars we can never 
hope to carry on conversation with them. 

Telephone engineers have devoted considerable 
attention to the effects of delay on the telephone users 
in an effort to determine how far the electrical waves 
should be permitted to travel over different types of 
circuits. Since the present constructions do not offer 
any particular difficulties, for the distances now in use, 
a look into the future has been taken by means of 
artificial delay circuits. One method has been to loop 
back and forth loaded conductors in a cable until the 
desired delay was obtained. Another method has been 
to record the talkers’ waves on a phonograph and pick 
up the impressions with a second needle, displaced the 
desired amount from the first so as to introduce delay 
into the conversation. 

Considerable use has also been made of pipes or 
“acoustic” delay circuits. Fig. 1 shows an illustration 
of a brass pipe delay circuit used in experimental work. 
Fig. 2 shows the circuit in schematic form. In addition 
to the pipe, which is looped back and forth to conserve 
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space, the circuit involves telephone receivers at the 
two ends. The one at the sending end converts elec- 
trical energy into sound which is transmitted through 
the pipe.and the one at the receiving end converts the 
sound waves back into electrical energy. The pipes 
are quite suitable because they have approximately 
the same delay at all frequencies. Various devices are 
required to reduce the reflections which occur at the 
junction of the pipe and the receiver and to equalize 
the attenuation. 

Using devices of this nature, experimenters have 
found it possible to talk fairly conveniently over circuits 
representing time intervals as great as 0.7 second in 
each direction. So great delays would be considered 
undesirable for commercial use, however. Delays of 
about a third of this, in general, are considered about 
the maximum which is satisfactory. 


DELAY DISTORTION 


In designing circuits which are electrically long, care 
must be exercised to insure that the transmission times 


Fig. 1—Acovustic Druay Crrcuits 


for all frequencies in the transmission range are suf- 
ficiently alike to avoid objectionable transient phe- 
nomena. These effects may occur in one-way circuits 
as well as in two-way circuits and are not related to 
echo effects. 

The appearance of these transients to the listener 
depends on whether the excess delay is at low frequencies 
or at high frequencies. It is rather difficult to describe 
the characteristic sound of a circuit with low-frequency 
delay. A high-frequency delay, if it is in an extreme 
form, sounds as though a high-pitched reed, such as a 
harmonica reed, was being plucked whenever there is a 
sudden transition in the voice sounds being transmitted 
over the circuit. 

The characteristic effects of transients are con- 
veniently described by the aid of oscillograms of spurts 
of alternating current taken before and after being sent 
over circuits having various delay characteristics. To 
begin with, it must be recalled that when any wave 
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shape is applied to a circuit, the transmitted wave in 
the circuit can be expressed as the sum of the series of 
sinusoidal waves whose frequencies range from very low 
to very high values. 

In the case where a sinusoidal wave of frequency F is 
suddenly applied to the sending end of the line, the 
effect may, therefore, be explained as due to an infinity 
of sinusoidal waves so proportioned and phased as to 
add up to zero, up to the instant of application of the 
wave, and to equal the steady-state value of the wave 
at that instant. Of these waves, the most important 
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have frequencies close to F. They are propagated over 
the line individually with the velocity corresponding to 
the frequency. If the velocity of the line is the same 
for all frequencies, they will evidently add up to give 
the same overall wave shape at the receiving end of the 
line as at the sending end. 

If, on the other hand, the velocity is not the same for 
all frequencies, there will be more or less distortion and 
transients in establishing the wave, though ultimately 
the pure wave of frequency F' will be established. 
Several oscillograms will be shown to indicate transient 


522 MILES M.H.L.REPEATERED CIRCUIT ONLY 
eqcett 1600 cycle Impulse 


404-3 
Apr 19,1921 


RECEWEO 


Fig. 83—Transients IN Mepium Heravy-Loapep Crrcuit 
effects which are experienced under various conditions. 

Fig. 3 is an oscillogram showing a spurt of 1,600- 
cycle current as applied to and received from a loaded 
circuit having fairly large delays in the upper part of 
the transmitted range compared to the delay at lower 
frequencies. Remembering the nature of the oscillations 
at the beginning and end of the applied spurt, it will be 
observed that the current at the receiving end consists 
at first of a fairly low frequency which builds up in fre- 
quency and magnitude to the steady-state value. At 
the end of the spurt the same transient is experienced, 
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but in this case the higher frequency currents which 
have been delayed in the line are at the tail end of the 
train. 

Fig. 4 shows a 200-cycle current with many harmonics 
of higher degree transmitted over a circuit having large 
delay at low frequencies. It will be noted that these 
high or harmonic frequencies are received in advance of 
the 200-cycle wave. This is because the 200-cycle wave 
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is subject to appreciable delay while the higher fre- 
quencies are not. This circuit, while actually made up 
of artificial networks, had characteristics similar to 
certain types of long cable circuits for the lower part of 
the telephone frequency range. 

Fig. 5 shows transient effects of a 600-mile composited 
19-gage H-174 side circuit. The zero lines of the three 
curves of this figure show slight effects of crosstalk and 
other interference. These effects are not, however, of 
sufficient magnitude to interfere with the general ap- 
pearance of the signals. The upper line shows the 
applied 1,000-cycle current. The next line shows the 
current as it was received at the end of the line. The 
transients which are produced at the beginning and 
ending of the signals are evident. 
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By the insertion of proper networks it is possible to 
correct for distortions of this kind. In the last line 
there is shown the received current when a delay cor- 
recting network of this kind is applied in series with the 
circuit. It should be noted that while the delay in the 
reception of the signal is somewhat increased (as shown 
by the displacement of the whole signal further to the 
right) the transients at the beginning and Bioppuig of 
the signal are very much reduced. 
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ECHOES 


In designing telephone circuits which are electrically 
long, an important problem is presented by the neces- 
sity of avoiding echo effects. These are caused by 
reflection of electrical energy at points of discontinuity 
in the circuit and are very similar to echoes of sound 
waves in an auditorium. The reflected waves are 
usually considered as echoes when there is an appreci- 
able delay with respect to direct transmission. Some 
of the reflected waves return to the receiver of the 
talker’s telephone so that if the effects are severe he may 
hear an echo of his own words. Other reflected waves 
enter the receiver of the listener’s telephone and, if 


_ severe, cause the listener to hear an echo following the 


directly received transmission. 

Reflections of voice waves occur in all practical 
telephone circuits. It is only in telephone circuits of 
such length as to require a number of repeaters, how- 
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ever, that echo effects become serious. The fact that 
the circuits are electrically long makes the time lag of 
the echoes appreciable. At the same time, the tele- 
phone repeaters overcome the high attenuation in these 
long circuits and consequently make the echoes louder. 
The seriousness of the effect is a function of both the 
time lag and the volume of the echo relative to the 
direct transmission, becoming greater when these are 
increased. 

In telephone circuits the most important points of 
discontinuity are usually the two ends of the circuit. 
In a four-wire telephone circuit these are the only 
points of discontinuity. 

Fig. 6 shows a schematic diagram of a four-wire tele- 
phone circuit and a schematic representation of the 
direct transmission over the circuit, together with the 
various talker and listener echoes which are set up. 
The rectangles at the extreme right and left are intended 
to represent the telephone sets used by two subscribers 
at the west and east terminals of the circuit. The 
rectangles marked N represent electrical networks which 
simulate or balance more or less perfectly the impedance 
of the telephone sets. In the four-wire circuit the rec- 
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tangles with arrows represent one-way repeaters or 
amplifiers. At each terminal the two separate one-way 
circuits comprising the four-wire circuit are joined 
together by means of the familiar balanced trans- 
formers. When the subscriber at W talks, the trans- 
mission passes to H’ over the upper path in the four-wire 
circuit. This is indicated by the heavy line labeled 
“Direct Transmission” in part 6 of the figure. When 
subscriber # talks, transmission passes over the lower 
path in a similar manner. 

Considering part 6 of the figure, it will be noted that 
when direct transmission is received at the east end of 
the circuit, a portion of the current passes to the oppo- 
site side of the four-wire circuit and is transmitted to the 
subscriber at the west end as a talker echo. Similarly, 
a portion of this talker echo is transmitted over the 
upper part of the circuit to the listener at the east end 
of the circuit as a listener echo. Successive talker and 
listener echoes follow this, as indicated in the diagram. 
If the networks at the two ends of the circuit can be 
made to simulate accurately the subscriber circuits, 
none of these echoes will exist. A high degree of simula- 
tion, however, is impracticable in an economical 
telephone plant under usual conditions. In two-wire 
circuits with many repeaters the echo paths may 
become very complicated. 

An interesting case of “echoes” is that which may be 
produced when two radio stations are sending out the 
same program at the same wavelength. The program 
as received by one of these stations over wire circuits is, 
of course, slightly delayed with respect to a station 
nearer the source of the program. It is possible then 
for a receiving set properly located to receive both of 
these stations, in which case if the time difference is 
sufficient one of them will sound like an echo of the 
other. In this case there may be the added peculiarity 
that if the weaker station is the one at which the pro- 
gram is received first it will appear that the “echo” is in 
advance of rather than following the sound which ap- 
pears to cause it. 


TIME EFFECTS WITH VOICE-OPERATED DEVICES 


Switching devices operated by the voice currents 
themselves are frequently introduced into long tele- 
phone circuits. In general, the effect of such devices 
is to render inoperative transmission in the direction 
opposite to that of the speech waves which are going 
over a circuit at the particular instant. The first use 
of any considerable importance to which such devices 
were put was in connection with long circuits for the 
purpose of preventing the building-up of undesirable 
echoes. More recently, however, long radiotelephone 
circuits have come into use. These circuits may vary 
rapidly in transmission effectiveness. If these circuits 
are arranged to be operative in both directions at a time 
it would be very difficult to prevent their becoming 
unstable and possibly setting up oscillations. For this 
reason such circuits are frequently operated with switch- 
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ing arrangements such that the circuits leading to both 
transmitting stations are normally disabled and ren- 
dered inoperative. When a subscriber speaks at either 
end, therefore, the voice currents must operate switch- 
ing devices which restore the circuits leading to his 
transmitting station. Incidentally, this must render 
inoperative the receiving circuit at the same time. 

A very interesting application of time delay has been 
made in connection with radio systems so operated. 
In this arrangement the voice currents when they reach 
the disabling point are passed through an artificial line 
in which a desired amount of delay is incorporated. 
Just before entering this line a fraction of the energy is 
taken, rectified, and made to operate the switching 
mechanism for restoring the circuit to operating con- 
dition. This switching is so arranged as to be completed 
by the time that the voice currents have passed through 
the artificial delay circuit and are ready to proceed down 
the line. If it were not for this arrangement a small 
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part of the speech currents might be dissipated during 
the interval while the switching mechanisms were 
operating. 

Fig. 7 is similar to Fig. 6 noted above with the excep- 
tion that the application is shown of an echo suppressor. 

When the subscriber at the left of the drawing begins 
to talk, the waves set up in his telephone are transmitted 
over the upper part of the circuit. Upon reaching the 
input of the echo suppressor, a small part of the energy 
is diverted to short circuit the lower branch of the cir- 
cuit, as indicated. Meanwhile, the main transmission 
passes on to the subscriber at the right. Echoes which 


-return in the lower part of the circuit are blocked as 


indicated. After the talker has ceased speaking, the 
device remains operative for a time equal to the delay 
of the echo as measured from the input of the device to 
the disabling point plus an additional time to take care 
of echoes in the circuit between the four-wire terminal 
and the subscriber. 

When the suppressor releases, the circuit is again 
free to transmit in either direction. When the right- 
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hand subscriber talks, the action is similar except that 
the other half of the echo suppressor operates. 


In practical use the echo suppressors are so carefully 
controlled that telephone users are generally unable to 
tell whether a suppressor is on the circuit or not. This 
is due to the short delays and careful adjustments of 
the time function of the device. It is possible, however, 
if the delays are longer and the adjustments are made 
with less care, to introduce two types of difficulty. 
If one subscriber talks fairly steadily he may hold the 
suppressor operative so continuously that it is difficult 
for the other party to break in on the conversation if 
he so desires. If one subscriber started to reply almost 
simultaneously with the termination of the other’s 
speech, part of his reply might be blocked at the echo 
suppressor along with the last of the echo. : 


Further difficulties arise if two circuits, each contain- 
ing an echo suppressor of this kind, are switched to- 
gether in tandem. In this case it would be possible if 
both subscribers started talking simultaneously to 
block completely each other’s speech. 


In the case of radio circuits operated as noted above, 
difficulties are introduced somewhat similar to that of 
two echo suppressors in tandem. 


The above will sufficiently suggest the types of dif- 
ficulties which arise from delay in connection with voice- 
operated devices. Certain of the papers in the attached 
bibliography consider these problems in more detail. 


In preparing the attached bibliography, no attempt 
has been made to make it complete. It is believed, 
however, to contain most of the important publications 
on the subject. 
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Discussion 


A. F. Rose: Referring to the table on page 142, it would 
appear that the speed of propagation of radio circuits is so high 
that echo effects would not be important as compared with the 
usual type of long distance cable circuit. For example, the radio 
portion of the New York-London circuit which is approximately 
3,400 miles in length would require 0.018 second for transmission. 
This time is so short that the chances for objectionable effects, 
such as lockout, would be small. However, there is some addi- 
tional delay in the wire line and as discussed in previous articles 
on the New York-London circuit, it is necessary to add delay 
artifically to the circuit in order to permit time for the satisfac- 
tory operation of voice actuated devices. The additional delay 
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of these circuits and the wire lines increases the one way trans- 
mission time to about 0.09 second in the long wave, and 0.05 
second in the short-wave circuits. Voice-operated relays which 
are necessary to preserve stability, also make the echo charac- 
teristics of these circuits satisfactory from the standpoint of 
overall service results. Some of the above delays account for 
occasional lockouts. Effects which may be mistaken for lockouts 
sometimes occur due to relays becoming operated by high noise. 


As a matter of interest the approximate delays in various 
parts of the transatlantic circuits are summarized below. 


Wire lines Seconds 
New York-Rocky Point (70 mi. H-44)................. 0.004 
‘@upar=Londony (425 ani}, H-S9)rr herrea ce ee oe 0.032 
London-Rugby (85 mi. I-89) ces 3 hie oe cha ads eee + O.006 
Houlton-Bangor (120-miz-N 7 LA OSWiin 2 es ise eae sae 0.001 
Bangor=News Yorke (4720. 44) na. ate oa alatee eiere eerie 0.025 
New York-Lawrenceville (50 mi. H-44)................ 0.003 
Netcong-New York (50 mi. H-44).....................0.003 

Delay circuits 
TRAN SmMivGin gins hi eethaeeer aco Mieke co act eet e eae eae nite 0.021 
RGECOEVIN GY ef SR eT Ee a AS He 0.004 


Hilters: etc: vaboull oe. jaiAsatonytes wrclateks wats be la she bvakebes siete 0.005 


Impulse Voltage Tests on a 4,800- Volt 


Distribution Substation 


BY H. W. COLLINS,* 


Associate, A. I. E. E. 


Synopsis.—Lightning voltage flashovers have been experienced 
in substations feeding a 4,800-volt ungrounded distribution system. 
Lines enter the substations through three-phase, underground cables 
varying in length from a few hundred to about nine hundred feet. 
Lightning arresters are connected at the substation bus and at the 
junctions of overhead lines and entrance cables. The arcovers have 
consistently occurred on lines equipped with voltage regulators and at 
points between the line terminal of the regulator and the station 
end of the entrance cable. 

Impulse voltage tests were made on one of the substations which 
had been taken out of commission, to determine the cause of the 
flashovers and to find a remedy. Surge voltages from a lightning 
generator were sent into the station through the entrance cable of a 
circuit equipped with a voltage regulator and volt-time oscillograms 
were taken at the principal points of interest. 

Oscillograms are presented which show that the impedances of the 
regulator series windings to surges were high enough to cause reflec- 


URING the 1928 lightning season The Detroit 
D Edison Company experienced in five substations 

a total of six arcovers which were caused by 
lightning voltages entering the stations by way of a 
4,800-volt, ungrounded distribution system. The over- 
head lines of this system enter the substations through 
three-conductor, underground cables, and lightning 
arresters are located at each junction of line to cable 
and at the substation bus. Some of the distribution 
lines are equipped with three-phase voltage regulators 
in the substations. These regulators are Y-connected, 
but the neutral is not brought out and is insulated 
from ground. Fig. 1 shows the layout of a typical 
distribution line with a regulator. 


Besides being unusually large in number for a single 
season, the arcovers were of unexpected severity. In 
each case the lightning voltage causing flashover 
entered the substation by way of a distribution line 
on which there was a voltage regulator. Furthermore, 
the flashovers occurred at some point between the sub- 
station pothead and the “‘line”’ side regulator terminals, 
and their nature indicated that they were caused by 
voltages in excess of the breakdown voltages of the 
cable pole and bus lightning arresters which inspection 
showed to be in good operating condition. This 
consistency in the location of the flashovers indicated 
that the impedance of the regulator series winding to 
surges was probably great enough to cause reflections 
of surges entering the substation, and so result in the 
building up of a voltage at the regulator “‘line’”’ termi- 
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tions of the incident wave and a consequent building up of voltage at 
the station end of the entrance cable. 

It is also shown that the energy drawn from the cable through the 
regulator series windings is so small for the early part of the wave 
that the lightning arresters on the bus cannot protect the cable 
against high-voltage surges which may enter the substation. 

Other oscillograms presented indicate that partial protection is 
provided by the arresters located at the overhead line end of the 
entrance cable. The effectiveness of this protection becomes greater 
as the entrance cable is shortened, and as the wave front of the 
incoming surge is made longer. 

It is shown that voltage rises sufficient to break down the entrance 
cable or cause flashovers at the station end may be prevented by 
shunting low-voltage arresters across the regulator series winding, 
or by connecting the usual distribution arresters at the station pot- 
head of the cable. The latter method is more desirable because it 
insures a lower voltage at the substation end of the cable. 


nals high enough to cause flashovers. Tests were 
conducted jointly by the Westinghouse Electric and 
Manufacturing Company and The Detroit Edison 
Company in an effort to determine the cause of the 
flashovers and find a remedy. ‘These tests were made 
in Detroit on Elmdale Substation which had been 
taken out of commission and was being dismantled. 


DESCRIPTION OF EQUIPMENT 


Elmdale Substation. This 4,800-volt distribution sub- 
station was of the open pipe-frame construction, and 
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WITH SURGE VOLTAGES 


the bus copper and all leads were insulated with 
varnished cambric. One distribution line with voltage 
regulator was left in the substation, and its 745-ft. 
entrance cable was looped back so that both ends were 
in the station. This cable was a three-conductor, 
200,000 cir. mils, lead-covered cable insulated with 
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oil-impregnated paper 5/32 in. thick on the conductors 
with a 5/32 in. overall belt. A dead, 24,000-volt, 
three-conductor cable line 8,900 ft. long terminated in 
the station and was available during the tests. 

Lightning Generator. The impulse voltages used 
during the various tests were obtained from the West- 
inghouse Electric and Manufacturing Company’s 
1,000,000-volt lightning generator and auxiliary equip- 
ment.! Since only 180,000 volts were required in the 
tests, the generator was reconnected to deliver this 
voltage with a capacity of 0.075 uf. 

Cathode-Ray Oscillographs. Two portable cathode- 
ray oscillographs were used during the tests, one being 
an improved Norinder oscillograph,? and the other a 
George oscillograph of the hot cathode type. A 
concentrating coil was added to the latter to assist 
in focusing the beam. The apparatus in the measuring 
system included a resistance potentiometer and a 
delay cable. 


CONNECTIONS OF EQUIPMENT 

The substation apparatus tested is shown in Fig. 1. 
The pothead position (1) on this diagram, was taken 
to represent the cable pole pothead of the entrance 
cable. It was to this pothead that the surge generator 
was connected by a resistance, and through it the 
voltage surges entered the station. It will be noted 
that the three phases were joined electrically by poten- 
tial transformers which were connected open delta, 
and by the voltage regulator which was Y-connected 
with neutral ungrounded. Each phase had a lightning 
arrester at the cable pole pothead (1) and at a point 
on each bus section (6) and (7); and various combina- 
tions of these arresters were tried during the tests. 
The arresters were rated 6,000 volts for use on an 
ungrounded system. Suitable lightning arresters were 
also available for connection at the substation pothead, 
and for shunting the regulator series winding. 


DETERMINATION OF RESISTANCE TO SIMULATE LINE 
CONDITIONS 

An analysis of a traveling surge entering the cable 
from the overhead line shows that, due to the lower 
surge impedance of the cable, the wave on the line 
will be reflected with reduced magnitude and reversed 
polarity. The voltage of the surge entering the cable 
will be less and the current greater than in the original 
line surge. The following equations show these effects: 
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; e 
= Z. where 
e = voltage of surge in cable 
Z,. = surge impedance of cable 
Z;, = surge impedance of line 
E;, = voltage of surge on line 


surge current in cable 
1. For references see Bibliography. 
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If the surge generator should be discharged directly 
into the cable, the current drawn by the arresters would 
be excessive due to successive reflections of current. 
Since it was not possible to apply the surge to the 
cable by means of an overhead line, a resistance was 
placed in series with the surge generator to limit the 
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current in the cable to a value which would approximate 
that of a surge entering from an overhead line. The 
following equation gives the surge in the cable in terms 
of the surge generator voltage, EH’, and the series resis- 
tance, R. 
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In order to simulate a surge entering from an over- 
head line 
Ze Py a 
F.ipms Rvs e -Zs pis Zaks. 


Zz plus Z, 
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Substituting the usual value of Z;, (500 ohms) and 
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Z. (40 ohms) in the above equation gives 230 ohms 
for R. In the tests a series resistance of about 250 
ohms was used. 


TEST PROCEDURE 


Two general types of impulse voltage waves were 
used in the tests. One wave, shown in Fig. 2 had a 
voltage rise from zero to maximum in approximately 
one microsecond at its front. The other wave, Fig. 3 
which was secured by connecting 1,360 millihenrys 
inductance in series with the surge generator, had a 
wave front with voltage rise to maximum in about 
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ten microseconds. These two different surges were 
used in the tests to determine generally what effect 
the steepness of wave front would have upon the 
reflection of the impulse at the voltage regulator. A 
very steep front wave, as nearly rectangular as possible, 
was required to show reflections clearly on the oscillo- 
grams. Tests with surges having slower wave fronts 
more nearly like natural lightning were also desirable 
in order to gain information more nearly representative 
of actual lightning conditions. 

Various combinations of the lightning arresters 
shown in Fig. 1 were tried during the tests, as well as 
other combinations made by adding arresters at the 
station pothead (2) and by shunting low-voltage 
arresters across the regulator series winding. 

Tests were first made with resistances of various 
magnitudes connected to the bus to simulate the effects 
of other circuits connected to the bus. Oscillograms 
showed that the surge voltage appearing on the bus 
decreased as the connected resistances were decreased, 
but that the shapes of the impulse voltage waves 
impressed at the cable-pole pothead (1) and the station 
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pothead (2) were unaffected. Most of the tests were 
therefore made with the station bus open-circuited. 

When the two phases which were not connected to 
the surge generator were grounded at the cable-pole 
pothead (1) to simulate connection to an overhead line, 
the oscillograms did not differ from those taken with 
these phases open-circuited. Consequently, most of 
the tests were made with the latter arrangement. 

In other tests, surges were applied at position (8) 
Fig. 1, and oscillograms were taken at cardinal points, 
but the bus lightning arresters limited the impulse 
voltages to a safe value at all points. Consequently, 
no further tests of this type were attempted. 

During the early part of the testing, volt-time oscillo- 
grams were taken at positions (1), (2), (3), (5), (6) and 
(8), but the effects of the instrument transformers were 
so slight that the oscillograms taken at positions (2) 
and (3) were identical, and those taken at positions (5), 
(6) and (8) were alike. It was therefore decided to 
make measurements only at positions (1), (2) and (5). 
The oscillograms taken at these. three points are quite 
different because of the cable-pole lightning arresters, 
the cable itself and the voltage regulator. 

Since all the surges were sent through only one phase, 
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the voltages induced on the other phases are of interest. 
These two phases have magnetic and capacity coupling 
with the surged phase, to which they are also connected 
through the regulator and the potential transformers. 
These windings, however, have high impedances and 
it is chiefly by their capacity effect that any surge 
energy is transmitted through them. Oscillograms were 
at first taken on the two idle phases concurrently with 
those taken on the phase connected to the surge genera- 
tor, but when it became evident that the voltages in- 
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duced on them were not serious in magnitude (usually 
about one-fourth the voltage on the surged phase) 
further measurements on them were omitted. 


TEST RESULTS 


Effect of the Regular Series Winding. The impulse 
voltage tests indicated definitely that the energy drawn 
from the cable through the series winding of the regu- 
lator by the lightning arresters and other equipment 
connected to the bus was very small, especially for the 
first part of the wave. The high impedance of the 
regulator series winding is well shown by comparison of 
the oscillograms taken at the cable-pole pothead 
(Fig. 4), at the station pothead (Fig. 5) and at the bus 
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(Fig. 6). Fig. 4 shows a surge of about 25-kv. crest 
entering the cable, and Fig. 5 shows that this wave was 
increased to a crest value of about 48 kv. by the partial 
reflection at the voltage regulator. The positive, 
reflected wave returned to the cable-pole end where it 
caused sufficient voltage rise to break down the light- 
ning arresters located there. These arresters prevented 
further voltage rise and returned a negative, reflected 
wave to the station end of the cable, which reduced 
the voltage at that point to about 23 kv. Fig. 6 shows 
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how much slower the rise of surge voltage is on the bus 
than at the station pothead, due to the high impedance 
of the regulator series winding. 

Using the slow front wave, oscillograms were taken 
at the cable-pole pothead (Fig. 7), at the station pot- 
head (Fig. 8) and at the bus (Fig. 9). The reflections 
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at the regulator do not show as distinctly as for the 
steep front wave since the entering wave does not reach 
its maximum at the cable-pole pothead before the 
reflection is beginning to return from the regulator and 
is adding to the voltage of the entering wave. If the 
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shown in Fig. 9 also indicates that the regulator series 
winding offers considerable impedance even to the slow 
front wave which was used. 

The slow passage of energy through the regulator 
series winding is further illustrated by the oscillograms 
taken at the station pothead (Fig. 10) and at the bus 
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(Fig. 11) with the dead 24,000-volt cable line connected 
to the bus. 

In order to determine if the lightning arresters on the 
bus provided protection for the cable, the lightning 
arresters at the cable pole were disconnected. When 
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entrance cable had been long enough so that it would 
have taken an impulse about 10 microseconds to travel 
forth and back through it, then the reflections would 
have been just as distinct as for the one microsecond 
front surge. Comparison of Fig. 7 and Fig. 8 will show 
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that the surge voltage at the regulator rises to a greater 
maximum value than at the cable-pole pothead. Con- 
sequently, although the magnitude of the reflections 
at the regulator is obscured because the reflections 
occur on the front of the wave, it is evident that they 
are appreciable. The slower rise of voltage on the bus 
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a voltage surge was discharged at the cable-pole pot- 
head into the cable for this condition, the regulator 
impedance remained very high for a long enough period 
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to cause a flashover at the station pothead. This is 
shown in the oscillogram Fig. 12, taken at the station 
pothead for practically the same impulse voltage as 
was used when Fig. 5 was taken. It is therefore evident 
that the regulator series winding makes the lightning 
arresters on the bus ineffectual in preventing voltage 


152 


rise in the cable sufficient to cause breakdown of the 
cable or flashover at some point between the station 
pothead and regulator when high-impulse voltages enter 
the station through the cable. 

Action of the Lightning Arresters at the Cable-Pole End 
of the Entrance Cable. The surge-generator voltage was 
of such magnitude that the crest value of the impulse 
entering the cable was less than the breakdown voltage 
of the lightning arresters at the cable-pole end of the 
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entrance cable. However, when the positive, reflected 
wave arrived from the substation end of the cable, 
the voltage on these lightning arresters was suddenly 
increased and the arresters operated to lower the 
voltage. This is shown in Fig. 4 and Fig. 5. Operation 
of the arresters causes a negative reflection of the 
impulse sent back from the regulator. When this 
negative reflection arrives at the regulator it causes a 
sudden drop of potential at that point. 

The time elapsing before the cable-pole arresters 
relieve the condition of overvoltage at the station end 
of the cable depends upon the length of the cable, since 
it is equal to the time required for the reflected wave to 
travel from the regulator to the cable-pole pothead and 
back again. This time is about two microseconds for 
the average length of entrance cable. For such an 
average case if the wave front of the impulse is greater 
than two microseconds, crest value will not reach the 
regulator before the negative reflection from the cable- 
pole lightning arrester arrives and the voltage at the 
regulator will not build-up as high as for a steep front 
wave. 

Effect of Low-Voltage Lightning Arresters Shunting 
the Regulator Series Winding. The voltage at the 
station pothead may be limited to a safe value by 
shunting low-voltage arresters across it, thus permitting 
the bus arresters to help lower the voltage at this point. 
The oscillogram of Fig. 12 was taken at the station pot- 
head with arresters on the bus only, and the flashover 
shows the lack of protection. When the regulator series 
windings were shunted by low-voltage arresters, flash- 
over was prevented by the operation of these arresters 
in series with the bus arresters. -This is shown in oscil- 
logram Fig. 18, curve (a) having been taken on the bus, 
and curve (b) at the station pothead. 
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Effect of Lightning Arresters at the Substation End of 
the Entrance Cable. When lightning arresters were 
connected at the station pothead, the voltage rise was 
definitely limited there to the breakdown voltage of 
the arresters. The flashover in Fig. 12 resulted at the 
station pothead when the cable-pole arresters were 
disconnected. This flashover was prevented, as shown 
in Fig. 14, by connecting lightning arresters at the 
station pothead. Furthermore, by comparison of 
curve b, Fig. 18 which was taken at the station pot- 
head with low-voltage arresters shunting the regulator 
series windings, with Fig. 14 it is evident that lightning 
arresters connected at the station pothead limit the 
voltage there to a somewhat lower value. 


CONCLUSIONS 


Theimpulse voltage tests performed on the substation 
described indicate that: 

1. When the surge reaches the regulator, it is 
reflected by an amount depending upon the surge 
impedance of the regulator, which in turn depends upon 
the rate of voltage rise at the wave front and upon the 
electrical characteristics of the regulator. This reflec- 
tion adds to the oncoming wave and may cause a rise 
of voltage at the substation pothead to a value some- 
where between 100 per cent and 200 per cent of the 
wave traveling toward the regulator. The magnitude 
of this voltage and interval of time it exists at the 
regulator will depend upon the steepness of the wave 
front and upon the length of the entrance cable. 


2. Because the surge impedances of the regulator 
series windings remain at high values long enough for a 
flashover to occur, the bus lightning arresters cannot 
protect the cable against voltage surges which may 
enter the substation through it. The lightning arrest- 
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ers at the cable-pole end of the entrance cable limit 
the voltage there, but they can limit only partially the 
rise of voltage at the substation end of the cable. If 
the front of the incident wave is short and the entrance 
cable is long, approximately double the voltage at the 
cable-pole end will be impressed at the station end for 
an appreciable time before the cable-pole arresters 
relieve this condition. 
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3. Low-voltage lightning arresters shunted across 
the regulator series windings operate in series with the 
bus arresters and limit the rise of voltage on the line 
side of the regulator to the sum of the breakdown 
voltages of these two sets of arresters. 

4. Lightning arresters at the substation end of the 
cable limit the voltage on the pothead and the regulator; 
and, acting in combination with the cable pole and the 
bus arresters, they will limit the voltage in the cable 
to the drops across the arresters. 
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Discussion 


K. B. McEachron: It is interesting to note how the results 
obtained by Messrs. Collins, Piepho and Torok check those to be 
expected, based on theoretical considerations and field tests* 
which have already been published. Late in the summer of 
1929 field tests were made jointly with the Consumers Power 
Company and the Detroit Edison Company in which various 
combinations of overhead line and cable were studied, with and 
without lightning arresters. The last conclusion of that investi- 
gation agrees closely with the findings of the present authors. 
It reads: ‘‘The increase in voltage at the other end of the cable 
from the arrester location was about 15 kv. This increase de- 
pends upon the steepness of the wave and the length of the cable 
and may be estimated for any specific case.” 

With the voltage limited by arresters at the junction of the 
overhead line and cable, the voltage at the station end will be 
dependent on how the reflections add at that end of the cable. 

*Study of Effect of Short Lengths of Cable on Traveling Waves, K. B. 


McEachron, J. G. Hemstreet and H. P. Seelye, A.I.E.E. Trans., Vol. 49, 
1930, p. 1433. 
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If connected to a high impedance as the series coil of a regulator 
or a reactor the voltage may become double that at the arrester 
if the wave front of the wave in the cable is steep enough so that 
a wave of reduction traveling back from the arrester fails to reach 
the station end of the cable in time to reduce its voltage. 

The natural conclusion is therefore to apply an arrester at the 
station end of the cable or at the cable end of the regulator if a 
considerable distance exists between the end of the cable and the 
terminals of the regulator. This arrester is applied largely for the 
purpose of protecting the regulator and other apparatus between 
the regulator and cable. 

The arrester at the junction of the overhead line and cable is 
for the purpose of protecting the pothead and also preventing 
interruption to service as the pothead frequency represents the 
weakest point in the line insulation. The arrester ground should 
be connected to the cable sheath for the best results as this 
eliminates the effect of arrester ground resistance. 

On page 150 the authors state that ‘Tests with surges having 
slower wave fronts more nearly like natural lightning were also 
desirable” ete. Itseems tome that to be consistent with the studies 
on high-voltage cireuits that waves much faster than those used 
by the authors are likely to oceur. Since the slower waves are 
less dangerous because the reflections at the station end of the 
cable are not important it seems that the steepest waves which 
can oceur are the most important. Rates of rise as fast as 1,000 
ky. per microsecond have been measured on transmission lines 
and such a rate of rise would correspond to 20 kv. ir 0.02 micro- 
seconds which is much faster than any wave shown in the paper. 
Such short times are difficult from the oscillograph standpoint 
but their reflections ean be calculated. Such a wave would mean 
practically complete reflection at the station end of the cable if it 
terminated in a high surge impedance. Since the fast front used 
by the authors was sufficient to show the reflection, but little 
would be gained by faster fronts in view of the technical difficul- 
ties involved in providing and measuring them. However, it 
appears very likely that they do occur in practise and must be 
considered. 

D. W. Roper submitted a discussion calling atténtion to the 
fact that the Chicago substations were entirely free from the 
troubles which caused the investigation in Detroit. This dis- 
cussion was withdrawn because Mr. Roper’s paper on Studies in 
Lightning Protection on 4,000-Volt Circuits—III, presented at 
the Winter Convention, 1932, and printed elsewhere in this 
issue, explains the immunity of the Chicago stations from such 
troubles and refers to the paper by Messrs. Collins, Piepho and 
Torok. 
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Influence of Surface Conditions as Affecting Corona Energy Loss 
From High-Voltage ‘Transmission Lines 
BY WM. D. WEIDLEIN* 


Associate, A. I. E E. 


Synopsis.—Coatings of various materials, lacquers, oils, oxides 
or paints were applied to conductors of number 2 B & S gage 257.3 
mils diameter, solid aluminum or copper conductors. Measure- 


INTRODUCTION 


URING the spring of 1930, corona loss measure- 
ments on a 220-kv., 60-cycle, three-phase experi- 
mental line, 700 ft. in length and of various sizes 

(0.91 in. to 1 in. in diameter) and types of conductors 
were made at the Ryan Laboratory, Stanford Uni- 
versity. In connection with these measurements some 
of the test specimens were cleaned with gasoline and 
then washed, resulting in at least a temporary reduction 
of corona loss. The question of a permanent reduction 
of corona loss and of the influence of surface conditions 
presented itself. 

The following report is on research as suggested by 
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this precise work which was undertaken to determine 
what variation of corona loss results under various 
conditions of the surface of a conductor. 


EQUIPMENT 


The complete set of the test specimens and of the 
wattmeter setting as diagramatically shown in Fig. 1 
is similar to the set-up of a single-phase wattmeter dur- 
ing the tests as noted in the introduction. 

The test specimen consisted of 50-ft. lengths of No. 2 
B & §S gage solid copper or aluminum conductors, 
supported with 8 ft. 6in. clearance to ground. The sag 

*Engineer, Black & Veatch, Kansas City, Mo. 


Presented at the South West District Meeting, Kansas City, Mo., 
Oct. 22-24, 1981. : 


ments of corona energy losses above and below critical corona 
voltages were made by. means of a wattmeter setting and water 
resistor multiplier. 


at the center of wire was less than 2 in. in all cases. 
Clearance in all other directions was greater than 15 ft. 
As to diameters of specimens, when coated, increase in 
size by 0.001 in. was the maximum, which would pro- 
duce but very little variation of corona losses. 

Insulator loss on the out end is included in all results 
but is of negligible amount; and for comparison of 
results this insulator loss does not enter, being present 
in all tests. Insulator loss of wattmeter end of speci- 
men is completely shielded from wattmeter reading. 
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Fie. 2—Txrsts on Copper SPECIMENS 

All tests were made within the laboratory and under 
as near similar conditions of temperature, humidity, 
and barometric pressure as possible. Variation of 
these factors during tests would in no case cause errors 
that would be appreciable. All results were plotted as 
read, no corrections being made for such variations. 
The extreme range of barometric variation was 0.16 
in. Hg. 


TESTS 


The procedure followed in applying voltage was to 
build up the voltage to 100 kv., reading the loss at this 
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point and then at tower values of potential, with 5-kv. 
or 2.5-ky. intervals, depending upon the rate of change 
in loss. 

The accompanying illustrations are presented as 
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Fig. 3—Comparison oF ALUMINUM AND Copper LOossES 


showing the variation of corona loss with change in 
surface structure of conductor or application of thin films. 

Results of tests on copper specimens are given in 
Fig. 2. The shape and shift of the curves between 
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values of 72.5 to 80 kv. should be noted. Joffe’s theory 
that the resistance of a polarized layer decreases when 
the e.m.f., produced by polarization due to space 
charge exceeds 2,000 volts, is a very plausible explana- 
tion of this action. The high loss from copper con- 
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ductor as received from the manufacturer is no doubt 
due to residue left from “‘pickling’’ process or from draw- 
ing during manufacturing. 

A comparison of losses from aluminum and copper 
conductors is shown in Fig. 3. 

In Fig. 4 the first run No. a-D was of a conductor 
coated with a thick film of linseed oil, brushed on and 
dried. This wire was then cleaned and a cloth soaked 
with linseed oil was wiped once along the wire. A com- 
plete film was not formed, accounting for the weathering 
and higher losses after drying. Curve 3-D gives the 
loss after wiping a second film onto the wire, resulting 
in a decrease of losses near 75 kv. applied. Apparently 
there may be some justification for the act that with 
complete covering with a thin film ionizing velocities 
of electrons cannot be attained within the film, having 
insufficient ionizing potential fall; then space charge 
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Fig. 5—ILLUSTRATING THE EiFrect oF Various THIN Fitms 
increases to a point where leakage resistance of the space 
charge starts to decrease, permitting of greater potential 
fall throughout the adjacent air causing a sharper rise 
in corona loss. 

The curves in Fig. 5 illustrate the effect of various 
thin coatings of materials. The same type of film was 
applied to copper and aluminum as shown in Fig. 6. 

In Fig. 7 copper and aluminum conductors, previously 
cleaned and then suspended open to weather, show 
equal losses over the range tested. 

Curve 3-F of Fig. 8 is of a test on a copper conductor 
coated with a smooth surface of copper oxide formed by 
heating. With corona forming around this wire at 
21 kv., there were no steamers formed over the range of 
voltage tested up to 150 kv., r.m.s. The corona 
formation appears similar to that forming around a 
small wire. With this type of discharge there was very 
little if any ozone smell detected, which was a decided 
contrast to a discharge with steamers. 
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Curves 1-N, 2-N and 3-N show the losses from a 
conductor heated in acetylene gas. On removal from 
the gas a granular deposit of carbon covered the con- 
ductor, and the losses were as plotted curve 1-N. With 
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this carbon rubbed off with a cloth the loss was as 
plotted in curve 2-N; the interesting point in this 
connection was that carbon had been deposited to a 
depth of 1/16 in. into the conductor. 
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CONCLUSION 
Thin film coatings of certain materials are effective 
in decreasing corona loss from high-voltage conductors, 
whereas thicker films will increase such loss. Such a 
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film may be the polished surface of a metal itself, or the 
formation of a film by materials that flow readily and 
solidify with a glaze or a crystalline surface. 

Corona losses from copper and aluminum conductors 
are of equal value after weathering, providing any 
detrimental effects remaining from drawing have been 
eliminated. 

Favorable results in the reduction of corona loss are 
illustrated by the shape and shift in position of the 
curves in several cases. Deviation of the curves to 
the right from a straight lirie from high to low values of 
loss and at voltages of 72.5 to 80 kilovolts for this size 
of conductor are shown in several tests in support of 
this conclusion. 
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The Expulsion Fuse 


BY J. SLEPIAN* and C. L. DENAULT* 
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Synopsis.—The general theory of extinction of a-c. arcs is on the number of half cycles of arcing. Reasons are given for the 


reviewed. The expulsion fuse is stated to depend upon the gas 
blast produced by rapid decomposition of fuse tube material under 
the heat of the arc. Comparison of interrupting capacities of a 
soapstone fuse tube and a fiber fuse tube supports this view. 

The effectiveness of the gas blast is stated to be due to the high 
degree of turbulence it introduces into the confined arc space. The 
theory of the action of such turbulence is discussed. 

Data are given as to the composition and volume of gas ejected 
from a fiber fuse tube. 

The voltage interrupting capacity vs. ampere characteristics as 
obtained experimentally, are given for a fiber tube, and a boric 
acid lined tube. The curves for boric acid lie much higher than 
for fiber. The characteristics were found to depen dvery materially 


I. INTRODUCTION 


ker expulsion fuse is an extremely simple device 
quite extensively used for interrupting a-c. circuits 

of moderate voltage and power. It consists 
usually of a straight tube open at one or both ends, 
made of fiber in which the fusible current carrying 
element rests. In spite of its apparent simplicity and 
widespread use, the principles upon which it functions 
are not at all generally understood. Engineers seem 
to have been satisfied with extremely loose and inade- 
quate descriptions of the process by which, in it, the 
are is caused to be extinguished. For example, a text 
book on circuit interrupting devices gives as the modus 
operand: “‘the sudden expansion of the air inside the 
tube when the fuse blows causes the vaporized metal to 
be blown out of the end of the tube and thus suppresses 
the arc.’’ But metal vapor is not necessary for the 
maintenance of an are, as engineers learn when long 
ares short-circuit their lines upon flashover, and it is 
difficult to see what would cause the precise synchroni- 
zation of the sudden expansion of the air with a current 
zero which is the moment at which the arc is actually 
extinguished. 


The very name “expulsion fuse” itself is a loose 
description which fosters erroneous thinking in sug- 
gesting that the arc is ‘expelled’ from the tube, to 
perish due to lack of contact with the terminals of the 
sustaining circuit. Much flame is ejected from the 
tube prior to current zero, but this does not mean that 
the are is expelled for the arc continues to reside in 
the tube up to that point since large current is con- 
tinuing to flow there, and even though flame may 
continue to leave the tube after the last current zero, 
the are is not expelled then because the are no longer 
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shape of the characteristics, and their dependence on length of 
arcing time. 

Data are given showing the effect of variation in size and shape 
of the tube section. The design problem is discussed of obtaining 
sufficiently large voltage interrupting capacity at smaller currents 
without the development of excessive pressures or unmanageably 
large volumes of flame at large currents. 

The use of flame suppressors for deionizing the issuing flame is 
mentioned. It is shown how, by introducing means for condensing 
the water vapor, the boric acid lined tube may be completely closed 
without the development of excessive pressures. 

The necessary insulating properties of the gas generating materials 
used in expulsion fuses are discussed. 


exists after that moment. The tube space is with- 
standing high voltage with the passage of only very 
small current. The actual extinction of the arc, that 
is, the transformation of the space between the elec- 
trodes from the conducting state, in which it carries 
considerable current with moderate voltage, to the 
insulating state in which it withstands full circuit volt- 
age with only very small current, takes place at current 
zero within an extremely short interval of time, of the 
order of 10 microseconds. In so short a time, with 
even the most extreme assumption as to the magnitude 
of the velocities, the gases within the tube can move 
only a small fraction of a centimeter and the proportion 
of the tube which is voided or scavenged is negligible. 
In the expulsion fuse the arc is not expelled but exists 
in such a condition that at a moment of current zero 
the change from the conducting state to the insulating 
state takes place with extremely great rapidity. 

It seems worth while then to consider more carefully 


the manner of operation of expulsion fuses so that their 


application may be better understood and their poten- 
tialities further developed. 


II. EXTINCTION OF A-C. ARCS 


It is well to begin with a very brief review of the 
general principles of the extinction of a-c. arcs. A gas 
space carrying an arc is conducting because it is ionized; 
that is, because a considerable number of the normally 
electrically neutralized molecules are broken up into 
electrically charged parts called ions. If the arc is to 
be extinguished, that is, if the gas is to recover its 
normal insulating state, these ions must disappear. 
If the ionized gas is left to itself, the ions disappear 
spontaneously by direct recombination. But this 
manner of disappearance is relatively so slow as to be 
of little use in practical a-c. circuit interruption, except 
for very small powers. In circuit interrupters generally, 
means are introduced for greatly speeding up the rate 
of disappearance of the ions. 
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To keep a gas space conducting or ionized against 
the normal recombination or accelerated deionization 
as occurs in circuit interrupters, the continued activity 
of certain ionizing agents is necessary. In the electric 
are, the combination of electric gradient along the are 
and current density in the arc is a very effective pro- 
ducer of ions, and is the only ionizing agent of any 
consequence in arcs occurring in switching devices 
generally. While current is flowing, the are will take 
such voltage as will cause ions to be produced at a 
sufficient rate to compensate for the deionization and 
keep the current going. In an a-c. are at the instant 
of current zero, the ionizing activity momentarily 
ceases but the deionizing activity continues unabated. 
At such a moment the gas space is recovering insulating 
properties very rapidly. The voltage necessary, to 
carry the are into the next half cycle is then much 
larger than that required by the arc just before the 
closing of the preceding half cycle, but the external 
circuit is able to supply this larger voltage of reversed 
sign to the are space only after a lapse of time de- 
pending on the transient characteristics of the circuit. 
For practical circuits this time lag is from 10 to 1,000 
microseconds. In this time, the arc space may lose 
its ionization to such an extent that even full circuit 
voltage is unable to start the arc in the next half cycle. 
In this case the arc is extinguished. If, however, the 
deionization has not proceeded far enough, the arc is 
reignited. Thus extinction of the are depends upon 
relative speed of deionization at current zero and the 
speed of application of reversed voltage to the terminals 
of the are by the external circuit.! 


A very effective means for increasing the rate of 
deionization is to bring surfaces of solids close to the 
are so that ions may collect on these surfaces and 
recombine there.2 Thus it is advantageous in circuit 
interrupters to enclose the are in chambers or chutes 
of relatively small dimensions. It is found, however, 
that there is a great difference in the effect of these 
surfaces, depending on whether the surfaces are refrac- 
tory, or whether under the heat of the are, the surfaces 
are decomposed giving off large quantities of gas. In 
the latter case, under proper conditions much higher 
voltage and higher powered circuits can be interrupted 
with ares of given dimensions than in the former case. 
This increased effectiveness of decomposing walls is 
believed to be due to the rapid evolution of gas; and 
the turbulence introduced into the confined are by 
the rapid intermixing of freshly generated un-ionized 
gas is believed to be an extremely effective means for 
causing rapid deionization at current zero.” 


Ili. THEORY OF GAS BLAST CIRCUIT INTERRUPTION 
DEVICE 


For the purposes of this paper, it is enough to know 
that when an a-c. are plays in a confined space subject 
to an intense gas blast, then at each current zero it 
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is in a state where it recovers dielectric strength with 
exceedingly great rapidity. This may, if preferred, 
be accepted by the reader as an empirical fact without 
inquiring further into the details of how this comes 
about. It is interesting, however, to speculate as to 
what is the detailed mechanism by which the rapid 
deionization at current zero takes place. 

The authors believe that most important in account- 
ing for the effect of the gas blast is the high degree of 
turbulence it introduces into the bounded gas space 
prior to current zero. In fact, some experiments 
by T. E. Browne, not yet published, in which turbulent 
motion was produced by suitably disposed magnetic 
fields and without the introduction of fresh gas, showed 
a rate of recovery of dielectric strength at current zero 
exceeding many times that obtained without the turbu- 
lent motion. Furthermore, the turbulence prior to 
current zero is important as well as the turbulence 
during the extinction period itself. This latter is so 
short, 10 microseconds, that the amount of deionization 
due to the actual motion of the gas, carrying ions to 
the bounding surfaces to be discharged in that time, 
must be negligible in accounting for the dielectric 
strength recovered in the very short extinction period. 

The great turbulence prior to current zero carries 
volumes of the gas to the bounding surfaces where they 
are deionized and thrown violently back into the are 
space. The un-ionized, freshly generated gas at decom- 
posing surfaces-is also thrown violently into the are 


path. Thus, the are section cannot be continuous. 


with a uniform distribution of ionization, but must 
consist of small volumes of highly ionized gas in close 
proximity to un-ionized or slightly ionized volumes of 
gas. 

The arc may be thought of as broken up by the turbu- 
lence into a mass of fine threads swirling about in the 
tumultous motion. These threads are highly ionized 
and are carrying most of the current and are them- 
selves the regions in which ions are being produced. 
During the motion threads become broken and cease 
carrying current, and new threads form as older threads 
split or as the impressed voltage breaks down new 
paths through momentarily favorable lining up of 
highly ionized volumes. Of course under these con- 
ditions the are voltage is much higher than it would 
be if the turbulence did not exist, but the important 
thing is what goes on at current zero. 

Prior to current zero the highly ionized threads are 
losing ions rapidly by diffusion into the surrounding 
un-ionized gas, but the current in the threads and the 
voltage gradient along them causes ions to be generated 
in them at as great arate. At current zero the deioniza- 
tion by diffusion out of the threads continues un- 
diminished, but the production of ions stops. Hence 
the highly ionized threads disappear almost at once and 
there is substituted for them a very low density of 
ionization nearly uniformly distributed over the are 
space. A very low density ionization requires a high 
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electric gradient for the production of new ions and 
thus is explained the rapid recovery by the gas space 
of the ability to withstand volts with the passage 
of little current. 


IV. THE EXPULSION FUSE IS A GAS BLAST DEVICE 


Regardless of the details of the theory, we may 
regard it as empirically established that the expulsion 
fuse is a gas blast interruption device in which the gas 
blast arises from the rapid decomposition of the walls 
of the fuse chamber under the heat of the arc.2. This 
may be seen by comparing the are voltage and the 
circuit voltage per inch interrupted by an a-c. arc in a 
tube of relatively refractory material and in a tube of 
material which is more readily decomposed into a gas. 
Such a comparison has been made before, and Figs. 1 
and 2 give more complete information. Fig. 1 gives 
data for tests on the circuit voltage interrupting capac- 
ity of a 5/8-in. diameter soapstone tube. The num- 
bers next to the points give the number of half cycles 
of arcing preceding the extinction of the are. Their 
significance is discussed in more detail in section VI; 
they suggest here that the soapstone is not a com- 
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pletely gas-free material, but that under the influence 
of the arc, a small amount of gas, probably water 
vapor, is given off. In Fig. 2, the curve for soapstone 
is compared with that for fiber, this latter curve being 
taken from Fig. 6. Data and curves for the are volt- 
age for the soapstone and fiber tubes are also given in 
Fig. 2. The tests were made in laboratory circuits, 
air core reactors being used for limiting the current, 
when the transformers were not directly short-circuited, 
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so that the circuits were highly reactive with a transi- 
tion period of the order of 10 microseconds. 

It is noticed that the circuit voltage interrupting 
capacity and are voltage for the fiber tube are much 
higher than for the relatively more refractory soapstone 
tube. 


V. COMPOSITION AND VOLUME OF GAS IN EXPULSION 
FUSE 


The material most commonly used for expulsion fuse 
tubes is horn fiber. Under the direction of the authors, 
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Mr. H. H. Evinger collected the gases coming from a 
fiber tube in which an are was playing, to determine 
their composition and volume. The composition was 
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The water vapor given off escaped collection because it 
condensed and was not drawn off. Since the fiber 
contains some 10 per cent of water by weight, it may 
be assumed that in addition to the above gases there 
was also about 10 per cent of water by weight. 

The volume of gas generated as a function of current 
for a 34-in. fiber tube is shown in Fig. 3. The volume 
is reduced to normal atmosphere conditions. While 
passing through the tube the volume of gas will be 
multiplied by 5 to 10 due to the elevated temperature 
and will be divided by a large factor due to the elevated 
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pressure. Here again the water given off escaped 
detection because of its condensation. 

Materials other than fiber may be used as gas 
generating materials in expulsion fuses. A material of 
great promise is boric acid, which may be pressed into 
solid shapes suitable for lining are chambers of circuit 
interrupting devices.’ The gas given off by boric acid 
under heat is practically entirely water vapor. The 
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authors have also experimented with other organic 
materials giving off gases similar to those from the fiber 
and with inorganic materials giving off water, carbon 
dioxide, and sulfur dioxide. Linings of sulfur giving 
off sulfur vapor have also been used. 


VI. CyYcLEs oF ARCING-INTERRUPTION VOLT-AMPERE 
CHARACTERISTIC 


The study of the characteristics of expulsion fuses is 
complicated by the fact that for moderate currents the 
voltage interrupting capacity of the arc is not developed 
immediately, but increases very considerably over a 
number of cycles from the moment when the arc starts. 
This property is to be expected from the manner of 
generation of the gas. For small.currents, considerable 
time must elapse before the surface of the tube exposed 
to the are is raised to a temperature at which rapid 
decomposition takes place. Even after the surface is 
at the requisite temperature, the material below the 
surface will still be at a low temperature and the steep 
temperature gradient in the material will carry heat 
away from the surface and lessen the rate of decom- 
position there. After a time the heat will soak into 
the material, the temperature gradient will be lessened, 
and the proportion of heat carried away by thermal 
conductivity will decrease, leaving a greater proportion 
of heat available for decomposition of the surface. 
Thus with constant watts input of energy, the rate of 
gas generation may be expected to increase with time. 

The authors have attempted to calculate the influence 
of this temperature transient upon the gas generation 
in a fiber tube, using the thermal conductivity taken 
from tables for fiber, and the-specific heat of dry 
cellulose as a material similar to fiber. With such 
values for the thermal constants, the time effect should 


SLEPIAN AND DENAULT: THE EXPULSION FUSE 


Transactions A. I. EK. E. 


have disappeared before the end of the first half cycle 
for much smaller currents than experiment shows to 
be the case. However, the considerable latent heat 
absorbed by the material due to chemical changes 
below the temperature for rapid decomposition was not 
taken into account, and as this will be equivalent to 
multiplying the specific heat by a large factor, the 
thermal explanation may still be regarded as valid. 

It would be expected from this that any means used 
for reducing the thermal conductivity perpendicular 
to the surface of the gas forming material would shorten 
the duration of the thermal transient and lessen the 
number of cycles of arcing to interrupt a given circuit. 
The following experiment bears out this expectation. 
A 40-ampere arc in a 5/8 in. diameter tube, 4 in. long 
was found to require 9 half cycles before it was extin- 
guished in a 60-cycle circuit of 2,300 volts. A loose 
spiral of a couple of layers of 0.001 in. paper was placed 
in the tube and allowed to expand so that it was in 
loose contact with the tube wall. It was then found 
that the are required only 3 half cycles to interrupt the 
circuit. 
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Another factor which undoubtedly plays a large part 
in causing the time delay in the development of the full 
interrupting capacity was suggested by T. E. Browne 
and is that for small currents it will take considerable 
time before the air originally filling the tube is replaced 
by the gases formed by the decomposition of the gas 
forming material, which may have greater voltage 
interrupting capacity. The nature of the gas used in a 
blast has a great influence upon the voltage interrupting 
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capacity of an a-c. are subjected to the blast. Hydro- 
gen is particularly effective.» Unpublished experiments 
of Browne show that water vapor is also very effective 
while nitrogen is much less effective than other gases. 
Study of the data of Fig. 3 shows that the time for 
displacement of the original air in the tube may be 
several half cycles for the smaller currents. For very 
large currents a single half cycle would be long enough 
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for the air in the tube to be completely replaced and 
for the-walls to heat up to such an extent that practi- 
cally all the heat which reaches the walls will go to 
decomposing material. The gas blast would then be 
just as intense at the end of the first half cycle as at 
the end of the second or third. Hence the voltage 
interrupting capacity would be no greater at the end 
of the second or third half cycle than at the end of the 
first. 

For extremely small currents the gas evolution will 
become so small that it can play no part in the circuit 
interruption. The voltage interrupting capacity will 
therefore be the same as for an arc in the open and again 
it will be the same for the second, third, or later current 
zero as for the first. But for intermediate currents the 
voltage interrupting capacity would be expected to be 
greater at the second current zero than for the first and 
greater at the third current zero than the second and 
so on. Thus it will be necessary to show a family of 
characteristics, each member of the family corre- 
sponding to a different number of half cycles of arcing. 
The different curves should be expected to coincide for 
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large currents and for very small currents, but should be 
different for intermediate currents. 

Concerning the individual curves, because of the 
rapid rise in intensity of the gas blast with current as 
shown in Fig. 3, we should expect large voltage inter- 
rupting capacity to be developed by large current arcs. 
Also on general principles a large voltage interrupting 
capacity would be expected for sufficiently small cur- 
rent ares.2. The individual circuit voltage interrupting 
capacity vs. ampere curves should show a minimum 
at intermediate currents and rise to large values for 
very small and for very large currents. 

In determining the characteristics experimentally 
the usual inconsistencies met with in such work due 
to variation in uncontrolled factors are encountered. 
The inconsistencies in the tests carried out were princi- 
pally due to variations in the point of the generated 
voltage wave at which the circuit was closed and at 
which the fuse blew starting the arc, and to variations 
in the state of the fuse tube surface due to previous 
history and relative atmospheric humidity. The indi- 
vidual curves sought are boundaries between regions 
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where circuit interruption occurred in a certain number 
of half cycles and regions where the circuit interruption 
occurred in a large number of half cycles. Since it is 
practical to obtain only a limited amount of data such 
boundaries could be determined only very approximately. 

Fig. 4 shows the data obtained for a 5/8-in. diameter 
fiber tube. The circuits used were again 60 cycle 
reactive, with transient periods of the order of 10 micro- 
seconds. The numbers next to the points give the 
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number of half cycles to are extinction. For those 
points marked with an arrow pointing upward the 
backing up breaker interrupted the circuit; the number 
next to them gives the number of half cycles of arcing 
up to the point at which the backing up breaker opened. 

To obtain the characteristic for a given number of 
half cycles of arcing, those points of Fig. 4 which repre- 
sent that number of half cycles of arcing or less were 
marked with circles and those points which represented 
more half cycles were marked with crosses. Then with 
the best judgment of the authors a curve was drawn 
separating the region of the circles from the region of 
the crosses. A certain amount of inconsistency in the 
position of the circles and crosses was permitted in the 
neighborhood of the region boundary for reasons 
mentioned above. Fig. 5 shows the curve obtained in 
this way separating the region of circuit interruption in 
10 half cycles or less from the region of more than 10 
half cycles of arcing. 


A number of curves was drawn in this way corre- 
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sponding to different numbers of half cycles of arcing 
and then superposed on the same sheet. The curves 
were then moved about so as to make them consistent 
with each other and consistent with the ideas expressed 
above as to the relations of the characteristics with each 
other. This could be done up to ten half cycles of 
arcing without any serious violation of the data as is 
seen in Fig. 6, but the curves for 15 and 20 half cycles 
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seemed to detach themselves quite definitely from the 
lower number half cycle curves even for the larger 
currents. 

This suggests that for 15 half cycles and more there 
is a new factor coming in which again increases the rate 
of gas evolution. This may be due to some kind of 
mechanical disintegration of the surface beginning at 
this point. In 15 half cycles the heat will have pene- 
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trated several thousandths of an inch within the 
material. Decomposition will take place even below 
the surface and the high pressure of the confined gas 
will cause blistering and loosening or even complete 
detachment of pieces of the fiber. Such loose or 
detached pieces of fiber will decompose at an accelerated 
rate, and thus the gas blast will be increased. 

In Fig. 6, the parts of the curves drawn dotted are 
surmised, and do not have supporting data in Fig. 4. 

Data were also obtained and are shown in Fig. 7 for 
a tube lined with boric acid having 5/8 in. internal 
diameter. The circuit voltage interrupting capacity 
vs. ampere curves are shown in Fig. 8. These curves 
lie much higher than those for fiber. 


VII. INFLUENCE OF TUBE SECTION SIZE AND SHAPE 

From the discussion already given it is quite clear 
what influence change in size of tube section should 
have upon the circuit voltage interrupting capacity vs. 
ampere characteristic. With a given rate of gas 
generation the turbulence and deionization will be far 
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more intense in a small section tube than in one of 
larger section. Hence for a given current the are 
voltage will be much larger in a small tube than in a 
large one, but with the larger are voltage, the energy 
input will be greater and therefore more gas will be 
generated for a given current in a small tube than in a 
large one. This will still further intensify the turbu- 
lence and deionization. Hence the circuit volts which 
can be interrupted will go up very rapidly as the tube 
size is decreased. Experimental results are shown in 
Fig. 9. 
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The influence of change in shape of tube section may 
also be anticipated from theory. Comparing a circular 
section with a narrow rectangular section of the same 
area it is seen that in the latter all parts of the arc are 
close to gas generating surface while in the former the 


center of the are is more remote from gas generating | 


surface. It should be expected then that the turbulence 
will penetrate more thoroughly throughout the are in 
the latter than in the former and that the circuit voltage 
interrupting capacity will be larger for the narrow 
rectangular section than the circular. This is borne out 
by experiment. 

Thus, tests with a slot in fiber 1/8 in. x 134 in. and 
1 in. long showed that 2,100 volts per in. could be 
interrupted at 450 amperes. The circular section hole 
of the same area would have a diameter of 0.53 in., 
and from Fig. 9 such a hole would be able to interrupt 
only 400 volts per in. It follows then that while the 
circular section may be best from the standpoint of 
convenience of manufacture and for tube strength, it 
is the worst from the standpoint of circuit voltage 
interrupting capacity. 


VIII. THe PRACTICAL PROBLEM OF EXPULSION FUSES 


The curve of Fig. 9 would suggest that in order 
to make a successful fuse of a length regarded as 
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practical and having a desired circuit voltage interrupt- 
ing capacity, it is necessary only to use a section of 
sufficiently small dimensions, but difficulties of a 
mechanical nature intervene and prevent the solution 
from being reached so easily. The hole must be small 
enough to take care of intermediate currents of the 
order of 300 or 400 amperes, as indicated by Fig. 6, 
but if so small a hole is used, the gas generation for 
large currents of the order of a few thousand amperes 
becomes so intense that enormous pressures are pro- 
duced which burst any practical and sufficiently inex- 
pensive tube. Also the volume of flame issuing from 
the tube is so great that it becomes difficult to control, 
and there is great danger of flashover of nearby live 
apparatus as well as likelihood of failure of the fuse by 
flashover outside the tube. If the tube section is made 
large enough so that for large currents such danger of 
excessive pressures is avoided, as well as difficulties due 
to the large volume of flame, then the arc fails to be 
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extinguished for smaller currents. One way of over- 
coming these difficulties would be to use a construction 
which would offer a small hole capable of interrupting 
the smaller currents, but at the same time offering a 
large hole for the larger currents so as to prevent unduly 
large gas pressures and large volume of flame. There 
is room for much ingenuity in devising such a con- 
struction. An example of such a construction, with 
which good results were obtained by Mr. Hufistutter, 
is shown in Fig. 10. Thin fiber sheets are placed in 
the tube parallel to a fuse wire, as shown in Fig. 10A. 
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- For small currents, the section is that of the narrow slot. 
For larger currents, however, the pressure forces the 
sheets apart as in Fig. 10B, and the section is that of a 
large hole with a resulting decrease in the volume and 
pressure of the gas generated. 
IX. FLAME SUPPRESSION—COMPLETE CLOSING OF 
FUSE TUBE 

As mentioned in the preceding section, the flame 
issuing from an expulsion fuse is a hazard in that it has 
low dielectric strength and will cause flashover of any 
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live apparatus which it may bridge around. It is 
entirely possible to place at the open end of the tube a 
flame suppressor which will deionize the ejected gas 
and make it harmless. The principle of construction 
of such a suppressor has been previously, described.* 
Suffice to say here that the passage of the gas through 
narrow slots so that all parts of the gas come close to 
surfaces of solids, will very thoroughly and quickly 
deionize it. Of course, the use of such a device will 
raise the pressure in the fuse tube, and sufficient total 
cross-section of slots should be used in the flame 
suppressor to permit exit of the gas without too great 
rise of pressure in the tube. Fig. 11 shows the con- 
struction of a flame suppressor which was used success- 
fully with expulsion fuse tubes. 

Boric acid as a fuse tube liner has been found to be 
better than fiber, in that its circuit voltage interrupting 
capacity versus ampere curves lay higher. In con- 
nection with its use there is an additional very remark- 
able possibility not at all possessed by fiber. The gas 
given off by the boric acid -is water vapor which is 
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easily condensable to a liquid, whereas the principal 
gases arising from the decomposition of fiber are 
permanent and condense to a liquid only under very 
high pressure and at very low temperature. Hence, if 
means are included within the tube for condensing the 
water vapor generated, it is possible to close up com- 
pletely the boric acid lined tube without the develop- 
ment of excessively high pressures. Such a tube was 
constructed experimentally and is illustrated in Fig. 12. 
It was able to interrupt all currents up to 3,800 amperes 
at 6,900 volts, which was all the power available in the 
test set at that voltage and interrupted 5,000 amperes 
at 4,600 volts without any sign of distress due to pres- 
sure. The operation was extremely quiet, and even at 
the highest current there was no visible flame whatso- 
ever and only a slight muffled sound indicated that the 
fuse had operated. 

X. INSULATING REQUIREMENTS OF GAS GENERATING 

MATERIAL 


As ordinarily used in expulsion fuses, after the 
extinction of the arc, the undecomposed gas generating 
material must withstand the full circuit voltage with 
the passage of little current. It must therefore be a 
good insulator. Furthermore it.must be a good 
insulator not only when cold, but also when at the high 
temperature at which rapid decomposition takes place, 
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since the surface of the material will be at this high 
temperature at the moment arc extinction takes place. 


This explains why boric acid is more effective than 
other inorganic materials which are superior to it from 
the standpoint of volume of gas generation per unit of 
arc energy. Boric acid has a high resistivity even at a 
temperature of several hundred degrees C at which it 
decomposes rapidly. As an example of a gas generating 
material which from its constitution would be expected 
to be superior to boric acid from the standpoint of 
volume of gas evolution but which when tested in an 
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expulsion fuse appeared to be much inferior as to volt- 
age interrupting capacity,*? we may take ammonium 
alum, Al. (NH4)2 (SOx)s4 24H2O. Ammonium alum, 
while a good insulator when cold, melts at 89 deg. cent. 
and becomes a good conductor. It loses all its water 
of crystallization at 120 deg. cent., so that this may be 
taken as the temperature for rapid decomposition. 
Hence in an expulsion fuse using ammonium alum, the 
surface left immediately after the arc extinction will be 
an electrically conducting film of the molten salt. 
Under voltage this film will break by boiling and restart 
the arc. : 

It is possible to separate the gas generating and 
insulating requirements by suitable constructions. Thus 
an effective ammonium alum fuse could be made by 
interspersing short lengths of soapstone, as an insulating 
material in the tube lining of ammonium alum. 
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Discussion 


L. P. Boll: There is one point which I believe should be 
elaborated upon especially so when the operator of rural lines 
and his conditions are considered. The paper treated more or 
less the action of the expulsion type fuse link under the heavier 
short-circuit conditions, while the operator of rural lines is 
primarily concerned with the action of the fuse under abnormal 
conditions of load which are slightly in excess of the minimum 
fusing current of the fuse link. The advantage of using tubes 
of various bores was brought out. The operator in order to 
minimize his stock and to eliminate several of the difficulties 
encountered with having various bore cartridges, has chosen 
to use only two sizes of cartridges. One to accommodate fuse 
links from one ampere to 30 amperes and the other from 30 
amperes to 100 amperes. Naturally satisfactory performance 
can only be obtained within a small range. 

With a small amperage fuse link there are not sufticient gasses 
generated to create the pressure or cause sufficient turbulence to 
separate the burned ends of the fuse link sufficiently far to 
prohibit the reestablishment of the are, after a period of time, 
say 2 or 3 hours, due to leakage along the fiber tube. To over- 
come this shortcoming of the expulsion type fuse it is necessary 
to surround the link by a small bore cartridge or to use a spring 
type fuse link. In the case of the spring type fuse link when it 
is melted, under any degree of short-circuit current the burned 
ends are mechanically separated, in fact, the entire link is ejected 
from the eartridge. This permits the maximum clearance be- 
tween the contact which can be provided by the cartridge. 

The writer has had the occasion to inspect a large number of 
cartridges which have been destroyed in the field. In practically 
every case, where there was sufficient evidence left, it could be 
readily seen that the leakage inside of the tube was the cause of 
the destruction, due to the fact that the burned ends of the link 
were not separated sufficiently. 


The Theory of Oil-Blast Circuit Breakers 
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Synopsis.—Analyzing the oil-blast theory, data are presented 
to show effect of time and carbon on oil dielectric strength, correla- 
tion between voltage recovery rate and required oil velocity, lack of 
correlation between either current and voltage and necessary oil 


' velocity, correlation between recovery rate and pressure in explosion 


chambers. Tests on various explosion chamber forms and photo- 


graphs of the oil blast in action are presented. 
* * * * * 


HE oil-blast theory of oil circuit breaker operation 
alt has been presented in a previous paper.! This 
theory was rather sharply challenged. The proof 
presented at that time was somewhat circumstantial, 
although no more circumstantial than the proof of 
other theories presented in the past. The oil-blast 
theory can be substantiated by direct experiment: It 
is the purpose of this paper to present the evidence at 
present available in support of this theory; some of this 
has been published in a fragmentary manner.?*** 

The essence of the oil-blast theory is that arc inter- 
ruption is brought about by interposing between the 
circuit breaker electrodes, a wall of solid oil which 
grows at such a rate as to be always more than sufficient 
to resist puncture by the recovering voltage across the 
circuit breaker terminals. This growing barrier of 
oil sweeps before it the arc products so that phenomena 
of deionization occurring in the gases enveloping the 
are do not influence the extinction phenomena. The 
problem presented in this way may be broken down 
into its elements, namely: 

1. The rate at which the voltage appears across the 
circuit breaker terminals. 

2. Dielectric strength of oil. 

3. Necessary velocity of oil. 

4. Means of securing that necessary velocity of oil. 


The rate at which the voltage appears across the cir- 
cuit breaker terminals is susceptible of accurate deter- 
mination. Such rates have been calculated and checked 
by cathode ray oscillograms.*7 

The dielectric strength of oil is, of course, well known, 
although its variations with different sorts of contamina- 
tion and with time have not been covered by published 
data. Tests have been made to determine the effect of 
short time application of the potential on oil using both 
fresh oil, filtered and dried, and oil which has been used 
for a considerable time in an oil circuit breaker so that 
it contains more or less water and carbon. Fig. 1 
shows the variations in the strength of oil with varia- 
tions in the length of time of impressed potential. 
These tests were made with a gap consisting of a 1-in. 
disk and a cone 1 in. in diameter by % in. high spaced 
at 0.025 in. The points at the extreme right are 60- 
cycle values for this gap. From the figure, carbonized 


*General Electric Co., Philadelphia, Pa. 
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oil sample No. 8 has a dielectric strength at 60 cycles of 


2.4 : ‘ 
Eee os 0.14 compared with 1.00 for clean oil sample 
No. 1. For a recovery voltage wave reaching its crest 


Pal 
in eight microseconds, the ratio is am 0.64 that is, 
from about one seventh the strength at 60 cycles, the 
poor oil is more than half as strong as good oil for eight 
microseconds and is 1.6 times better than clean oil 
under 60-cycle potential tests. This explains why 
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moderate oil deterioration does not have a serious 
effect on oil-blast circuit breaker performance and also 
why in the quantitative analysis of the oil-blast theory, 
the value of 55.0 kv. per 1/10 in. as an oil dielectric 
strength under oil-blast circuit breaker conditions, 
which was found, might be expected. Both high 
strength and small deterioration effects are explained 
on the assumption that the contaminating elements 
operate to produce chains of carbon or moisture or 
both which bridge part of the gap. These chains 
require time for their formation. This time is not 
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available when a sudden application of voltage is made. 
It also follows that with a high velocity of oil, such as 
occurs in an oil-blast circuit breaker, the turbulence will 
tend to prevent the formation of these chains, thus 
assuring the maximum effectiveness even of contami- 
nated oil in carrying out the actual interruption. 
These tests are being continued in an effort to ascertain 
quantitatively the effect of known amounts of moisture 
and carbon separately and in combination. Sufficient 
data are not yet available to construct a quantitative 
paper on this subject but it is hoped that it can be 
covered more completely at some time in the future. 


Having ascertained the rate at which voltage appears 
across circuit breaker terminals and the dielectric 
properties of oil under the time conditions represented 
by such an application of voltage, it should be possible 
to calculate the rate at which oil must be introduced 
to interrupt a circuit having a given voltage recovery 
rate. It should also be possible to ascertain by direct 
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tests whether the interruption occurs as would be 
predicted by this theory. This has been done.2 A 
circuit breaker was constructed in which oil was driven 
into the gap between the contacts by a piston. The 
velocity of the piston movement was measured and was 
varied over a considerable range. 

A large number of interrupting tests was made. 
During the series, the test conditions were varied as 
follows: 

1. Change in oil velocity. Range from 5 to 200 ft. 
per second. 

2. Change in test voltage. 
volts to 13,200 volts. 

3. Change in current interrupted. Range from 200 
amperes to 30,000 amperes. 

4. Change in rate of recovery voltage rise. Range 
from 60 to 820 volts per microsecond. 

All of the tests made are plotted in Fig. 2 with rate 
of recovery voltage rise in volts per microsecond as 
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ordinates and oil velocity in feet per second as abscissas. 
All other variables are ignored in this plot except that 
successful tests, namely those on which interruption 
occurred at the first current zero of arcing, are marked 
with a dot. By studying the distribution of the points 
with and without dots, it is possible to draw a line 
dividing the region of points with dots from that 
without dots. The slope of this line should be pro- 
portional to the dielectric strength of oil under the 
conditions of circuit breaker interruption and should 
correspond to the strength of oil measured under the 
corresponding short time conditions. In this case, 
the actual slope of the line corresponds to a dielectric 
strength of 55 kv. per 1/10 of an inch, which is of the 
proper order for short time voltage applications. To 
state the case mathematically: 
(1) The circuit has a recovery rate of 


v 


t 
(2) Oil has a dielectric strength of 


v 
l 

To ascertain the necessary oil velocity, divide one of 

these fractions by the other, securing the equation 


= volts per second 


= volts per inch 


Vv 
ths | 
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l 
where so is the required oil velocity. There is thus 
a positive proof that the oil-blast theory is at least one 


explanation of the behavior of this circuit breaker. 
So far, however, the possibility that some other explana- 


tion might cover the same set of observations has not 


been excluded. 

To secure evidence on that point, the tests shown in 
Fig. 2 are further classified in Fig. 3 in order to examine 
the data for a possible relation of test voltage to the 
behavior of the breaker. In this chart, test voltages 
are plotted as ordinates and oil velocity in feet per 
second as abscissas. Here again successful tests are 
marked with dots. Those tests not marked with dots 
are those in which interruption did not occur at the 
first current zero of arcing. If the test voltage and not 
rate of recovery voltage rise were predominant in 
affecting the performance of the breaker, it would be 
expected that the points indicating successful tests 
would be so distributed on the chart that some relation 
to test voltage would be indicated. A study of the 
chart, however, shows that the points showing success- 
ful tests are mixed at random with the unsuccessful 
tests. It is therefore concluded that there is no relation- 
ship between oil velocity and test voltage. 

From the analysis so far made, there still exists a 
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possibility that the amount of current interrupted and 
the oil velocity might bear some definite relationship. 
To study such a possibility, another chart, Fig. 4, 
was made. This differs from Fig. 3 in that currents 
interrupted in amperes are shown as ordinates. The 
identification of successful tests is the same as that 
used in Figs. 2 and 38. From this chart, it will be easily 
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seen that the successful and unsuccessful tests are so 
intermixed that it is not possible to consider that either 
of them is in any way related to the amount of current 
interrupted. This discussion, therefore, definitely bears 
out the conclusion already stated that oil velocity 
bears a definite relationship to rate of recovery voltage 
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rise and that when the proper oil velocity for a given 
recovery voltage rise has been determined for successful 
operation, the breaker performs successfully over a 
wide range of test voltages and amounts of current 
interrupted. ; 

Indirectly, these data bear upon the subject of 
deionization. If our phenomenon were one of deioniza- 
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tion, a longer time should be required to deionize the 
dense ionization of a heavy current test than the sparse 
ionization accompanying a light current interruption. 
With this design of circuit breaker, there is no element 
tending to produce more rapid or efficient deionization 
at a high current where more ionization is present, than 
at a lower current where little ionization is present and 
yet no apparent difference appears traceable to this 
cause. 

In the large number of tests made with this circuit 
breaker, no effort was made to change the oil fre- 
quently. The oil thus varied over wide limits as to its 
60-cycle puncture value. However, no considerable 
difference seems to have been produced by this differ- 
ence in the 60-cycle value of the oil. This result would 
be expected from the tests already described in which 
the strength of oil under impulse was measured. 
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Once evidence has been secured that the oil-blast 
theory of operation quantitatively explains the opera- 
tion of an impulse (oil driven by piston) type of circuit 
breaker and that other general explanations of circuit 
breaker behavior are not applicable, it is much more 
difficult to prove that this same theory of operation 
explains the behavior of other types of oil circuit break- 
ers. Reasonably direct proofs can, however, be 
obtained in the case of explosion chamber types of 
breakers. If these breakers really operate as oil-blast 
breakers, then steps taken to promote a blast of solid 
oil will produce an improvement in performance. 

Fig. 5 represents a large number of tests with a plain 
explosion chamber and shows that the arc is uniformly 
extinguished in the region where the oil-blast action 
should be most pronounced. At the throat the pres- 
sure head has all been turned into velocity head so 
that there is very little pressure tending to prevent 
solid oil from displacing the arc products at the current 
zero. 
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A special explosion chamber was constructed as 
shown in Fig. 6 so arranged that there was a series of 
throats between which there were pockets of oil. 
This arrangement had the advantage over the simple 
explosion chamber in providing three points at which 
the current zero might occur under most favorable 
conditions of oil-blast. With this arrangement, the 
arc lengths and arcing time were found to be uniformly 
less than with the simple explosion chamber. 
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In another test, the arc was drawn in a narrow slot, 
the sides of which were smooth. In this case, per- 
formance was notably inferior even to a plain open 
break circuit breaker. A series of hollows was then cut 
out in the sides of the slot, thus approximating the 
explosion chamber arrangement of Fig. 6. The per- 
formance was immediately improved to approximately 
the same as Fig. 6. The porosity of the wall material 
was not found to influence performance. 


If the oil-blast explosion chamber operated exactly 
in accordance with the quantitative theory proven in 
the case of the impulse type of circuit breaker, there 
should be a correlation between pressure shown in the 
explosion chamber and the rate of recovery voltage 
rise across the circuit breaker contacts. Some test 
data have been analyzed and Fig. 7 made up from the 
data. In this figure, pressure and rate of recovery 
voltage rise are coordinates. It is not possible to 
measure the oil velocity directly and due to the wide 
variation in back pressure, there is not a direct relation 
between the measured pressures and oil velocity. 
However, it is apparent that at least some correlation 


exists between the explosion chamber pressure and the . 


rate of recovery volts at the time of arc interruption. 
In order to break down this problem into one susceptible 
of a complete solution, it is necessary to find first the 
relation between the are energy and the amount of gas 
evolved from an are and second, the conditions govern- 
ing are energy. Considerable progress has already 
been made on the first half of the problem. A large 
amount of data are available showing that within the 
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error of plus and minus 50 per cent the amount of gas 
formed is equal to 


V =0.07W 


V =volume in liters at normal temperature and 
pressure 

W = arc energy in kilowatt seconds 

The amount of arc energy, however, is quite variable 
in existing types of breakers. This is necessarily the 
case in a device which interrupts in one or two half 
cycles of arc inasmuch as the contacts may separate 
at any point in the cycle. The arc will be interrupted 
at the first zero after a certain pressure has been 
reached, but if the current zero does not occur for a 
considerable time after this pressure has been attained, 
the pressure will continue to increase to an unnecessary 
degree. The higher speed of the breaker, the greater 
will this variation be in per cent, that is, the amount 
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Fic... 7—Trsts SHowING CORRELATION BETWEEN RATE 
oF VoLTAGE RECOVERY AND HxPLOSION CHAMBER PRESSURE AT 
TIME oF INTERRUPTION 


© Tests on oil-blast FH-203 

A Tests on oil-blast FK-44 

@ Pressure when circuit cleared 

X Pressure at current zero at which the circuit did not clear 


of time represented by a variation of one cycle becomes 
large by a comparison with the total arcing time. 
Steps are being taken to make tests with a synchronous 
closing and opening device which should make it pos- 
sible to produce and select the type of wave, that is, 
symmetrical or displaced at the time of contact parting. 
Tests with this apparatus should make it possible to 
ascertain what part of the variations in are energy and 
therefore pressure are due to the circuit variables and 
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what part still remains to be accounted for as due to the 
vagaries of the arc. 

Statements*? have appeared in the press to the effect 
that carbon particles are instrumental in are extinction. 
Our own tests did not bear this out inasmuch as tests 
made with liquids which carbonize freely, other things 
being equal, show less effective are interrupting prop- 
erties. 

In an attempt to satisfy pardonable skepticism as 
to the operation of oil-blast breakers by the insertion 
of walls of solid dielectric, a considerable number of 
photographic studies has been made. Fig. 8 taken 
from an article by Mr. E. B. Noel® shows the oil in the 
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Fie. 8—OrL-Buast ExPLosion CHAMBER OPERATION 

act of interrupting an arc and washing away the arc 
products. The illustrations taken by Mr. Noel were 
taken at the rate of 128 per second and therefore do not 
represent definite times after the current has been 
interrupted. Efforts are being made to photograph 
conditions a very short time, such as 10 to 50 micro- 
seconds after the current zero. The problems of 
technique in securing such photographs have not yet 
been overcome although there is hope of securing such 
arecord. Even over an interval of 1/128th of a second 
including the current zero, no marked change appears 
other than the disappearance of the are. The arc is 
clearly subjected to violent washing action in Fig. 8c 
and 8d and, by Fig. 8e, clear oil is flowing between the 
electrodes. 

In the foregoing, the author has attempted to bring 
in all relevant information which may bear on the oil- 
blast theory either to prove or disprove it. It is felt 
that in the case of impulse breakers, the exact quantita- 
tive results obtained by measuring the oil dielectric 
strength under impulse conditions and the operation of 
the breaker under known oil velocity and recovery rate 
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conditions prove beyond question that this breaker 
operates on the oil-blast theory as enunciated and in 
no other way. All of the factors discovered in connec- 
tion with the other types of circuit breakers appear to 
confirm the same law, that is, variations in geometry 
tending to promote oil-blast action improved perform- 
ance. Configurations tending merely to hold oil in the 
vicinity of the are do not promote operation. Such 
pressure measurements as can be taken on an explosion 
chamber of the oil-blast type clearly resemble the 
velocity measurements made with the impulse breaker 
pointing to the same conclusion, although the perfec- 
tion of the proof is less quantitatively exact. Illus- 
trations of the oil-blast breaker in action confirm the 
oil-blast theory. 


As pointed out last year,” the ability of a circuit 
breaker to interrupt a circuit does not depend altogether 
on whether its designer understands its theory of opera- 
tion. However, it is a great help in design to have a 
correct and preferably quantitative theory of operation. 
The oil-blast theory has proven most useful as evidenced 
by the wide variety of applications which it has made 
possible." ; 
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on impulse strength of oil; and to Mr. W. F. Skeats 
and his staff for the test data and cooperation in the 
preparation of this paper. 


Bibliography 


1. The Oil-Blast Circuit Breaker, D. C. Prince and W. F. 
Skeats, Trans. A.I.E.E., June, 1931, p. 506. 

2. “Oil-Blast Breaker Theory Proved Experimentally,” 
D.C. Prince and E. J. Poitras, Elec. Wid., February 28, 1931. 

3. “Oil-Blast Extended to Other Breakers,’”’ D. C. Prince 
and W. E. Paul, Elec. Wid., September 19, 1931. 

4. “The Impulse High-Speed Circuit Breaker,” 
Rankin, Gen. Elec. Rev., October, 1931. 

5. “Efficacy of Oil-Blast Principle Confirmed by Photog- 
raphy,” D. C. Prince and E. B. Noel, Gen. Elec. Rev., December, 
1931. 

6. Circuit Breaker Recovery Voltages—Magnitudes and Rates 
of Rise, R. H. Park and W. F. Skeats, Trans. A.I.E.E., March, 
1931, p. 204. 

7. “Cireuit Breaker Duty Affected by Circuit Character- 
istics,” W. F. Skeats, Elec. Wid., June 27, 1931. 

8. ‘“Oil-Blast Phenomena in Circuit Breakers,’ John D. 
Hilliard, Elec. Wid., July 11, 1931. 

9. ‘Gas Control the Crux in Oil Breakers,’ John D. Hil- 
liard, Hlec. Wid., August. 1, 1931. 

10. Closing discussion of paper The Oil-Blast Circuit Breaker, 
Trans. A.I.H.E., June, 1931, p. 528. 

11. Practical Application of the Oil-Blast Principle of Cir- 
cutt Interruption, R. M. Spurck, see page 171 this issue. 


Woop Bs 


Discussion 
For discussion of this paper see page 191. 


Practical Application of the Oil-Blast Principle 


of Circuit Interruption 
BY R. M. SPURCK* 


Associate, A.I.E.E. 


Synopsis.—The oil-blast principle of circuit interruption may 
be applied to oil circuit breakers of many types which cover a wide 
range of service, voltage and interrupting requirements. Although 
the mechanical construction and configuration of the interrupting 
elements varies widely for varying requirements, nevertheless the 
same principle of operation applies. 

It is shown that the oil-blast utilized for efficient arc extinction 
may be produced electrically by decomposition of oil or mechanically 


by a spring driven piston in an oil cylinder. Whichever of the two 
methods is employed, comparable performance results. 

Several types of breakers which operate on the oil-blast principle 
are described and test data given. In all designs of breakers on 
which the new principle has been used, marked reductions in arc 
duration and arc length result, even at the higher rates of recovery 
voltage rise. The principle is therefore applicable to breakers of the 
high speed type. 


Te were presented to the Institute last year, 
three papers!”? which announced the develop- 

ment and practical application of the oil-blast 
explosion chamber to high-voltage oil circuit breakers. 
Another paper‘ in this issue also discusses the results 
of further research on the operation of the oil-blast 
theory. The research work was performed concur- 
rently and in close coordination with the development of 
new lines of oil circuit breakers which utilize the oil- 
blast principle of circuit interruption. It is the purpose 
of this paper to describe the construction of these new 
breakers, to give results of interrupting tests made on 
them, and to discuss their characteristics. 

It should be brought out first that the oil-blast 
principle of circuit interruption is not confined to any 
particular type of breaker, limited to any voltage, or 
restricted to any specific design. Developments so far 
completed apply the oil-blast principle to breakers of 
various types and designs, generally described as 
follows: 

1. High-voltage outdoor breakers of the downward 
break type in which the oil-blast explosion chamber is 
used on each breaking contact. 

2. Moderate-voltage indoor and outdoor high-inter- 
rupting-rated breakers of the downward break type 
with two breaks per pole. In this design, an oil-blast 
explosion chamber is used on each breaking contact. 

3. Moderate-voltage moderate-interrupting-rated in- 
door breakers of the downward break type with three 
poles in one tank. In this application in a three-phase 
breaker, one chamber surrounds the contacts of all 
three poles. 

4. Moderate-voltage high-interrupting-rated indoor 
breakers of the upward break type having two breaks 
per pole in individual oil vessels. Such breakers are 
commonly known as the “‘H”’ type. In this case, new 
baffles designed to give an oil-blast are applied. 

5. Moderate - voltage moderate - interrupting - rated 
outdoor breakers of the downward break type with two 


*General Electric Co., Philadelphia, Pa. 
Presented at the Winter Convention of the A.I.E.E., New York, 
N.Y., January 25-29, 1932. 


breaks per pole in individual tanks. One chamber sur- 
rounds the pair of contacts in each tank. 

6. An entirely new superspeed, 15,000-volt design of 
single-phase breaker for railway service. In this design, 
one break in one oil vessel is used. The oil-blast is 
obtained mechanically. 

As has been brought out in previous papers, the 
oil-blast principle is based on the following conception 
of its operation. An oil circuit breaker interrupting an 
alternating current circuit will interrupt the circuit at 
any current zero after the contacts part if sufficient 
insulation is inserted between the contacts at current 
zero to resist puncture by the recovery voltage that 
appears across the contacts at that time. The rate 
and magnitude of recovery voltage rise at various 
operating voltages and conditions has been predicted 
by mathematical calculations*®* and checked by cathode 
ray oscillograms. Also, by experiment and mathe- 
matical analysis,* the oil velocity necessary to cause 
interruption at an early current zero at various rates 
of recovery voltage rise and oil velocity required for 
early arc extinction, has put into the hands of designers 
what may be termed as new tools that enable them to 
construct apparatus of greater efficiency and consistency 
of performance than was heretofore possible. Further- 
more, with such definite and broadly applicable data 
available, the designers had opened to them a wide 
field of application which was limited only by their 
own ingenuity in devising schemes for applying the 
new principle. There follows a general description of 
the various applications that have been made. 


APPLICATION TO HIGH-VOLTAGE OUTDOOR BREAKERS 


The oil-blast explosion chamber as applied to high- 
voltage breakers was described in papers!’ presented 
last year so no further reference will be made to it here. 


APPLICATION TO DOWNWARD-BREAK INDOOR AND 
OUTDOOR MODERATE-VOLTAGE HIGH-INTERRUPTING- 
RATED BREAKERS 


The explosion chambers used to apply the oil-blast 
principle to the downward break tank type moderate- 
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voltage indoor and outdoor breakers having each pole 
in a single tank are somewhat different in design from 
the chambers used in the high-voltage outdoor breakers. 
In these breakers, smaller chambers are used. At such 
voltages, also, the necessity for high insulation dis- 
appears so it is possible to use a metal chamber, prop- 
erly insulated inside and out, and provided with an 
insulating throat bushing. Two types of chambers 
are used, one having high pressure butt contacts, the 
other segmental sliding contacts and gates. The 
chamber with the butt contacts is used in breakers 
where the normal current carrying requirements are 
not more than 1,200 amperes, in which case no contacts 
in addition to those on which the arc is broken, are 
required. Such an explosion chamber is shown in cross 
section on Fig. 1. As in the high-voltage breakers, an 
auxiliary gap is provided but due to limitations of space, 
the mechanical details are somewhat different although 
the operation is the same. 

Because of the similarity of the operation of. this 
chamber to the one used on the high-voltage breakers, 
no test results will be given. It may be stated, however, 
that the are lengths and durations obtained on breakers 
equipped with it are uniformly very short. As an 
example, on tests at 23,000 volts, arc durations of 
approximately 114 cycles are the rule. 
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Fie. 1—O1-Buast Expiosion CHAMBER FOR MopERATE 
Voutrace DowNnwarp-Break InpDooR AND OuTDOOR BREAKERS 
ror Current Ratinas Ur to 1,200 Amerrus 


Contacts in partially opened position 


In breakers of normal current ratings in excess of 
1,200 amperes, the are interrupting contacts must be 
bridged by additional current carrying contacts and 
both the main and arcing contacts so designed that in 
opening the circuit, current will be transferred from 
the main contacts to the arcing contacts before inter- 
ruption begins. Such a design is shown in Fig. 2 which 
shows the contacts in three positions as described. 

When the arcing contacts are in the closed position, 
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Fig. 24, they are bridged by main current carrying 
contacts. As the breaker opens, the main contacts part 
before the moving arcing contact separates from its 
fixed contact, thus transferring all current flow to the 
arcing contacts. In the position shown in Fig. 2B, the 
moving arcing contact has separated from the station- 
ary contact a sufficient distance to permit closing. of 
the metal gates. In this position, an are plays between 
the stationary contact, metal gates and moving con- 


CHAMBER FOR MODERATE 


Fig. 2—Orim-Buast ExpLosion 
VoutTace DowNwarbD-BrEAK INDOOR AND OvTpoor BREAKERS 
or CurrRENT Ratines Asove 1,200 AmprEREs 


A, Contacts closed 
B. Contacts partially open 
C. Contacts open 
Note Séction C is turned 90 deg. from Sections A & B 


tact. During this phase of the interruption, the are 
in the chamber above the gates creates pressure that 
causes oil to flow rapidly into the passage below the 
gates in Fig. 2B. Note that Fig. 2c is a section rotated 
90 deg. from Fig. 2B. The flow of oil passing through 
the are path below the gates causes circuit interruption 
at an early current zero. 

Table I shows a few of a series of tests made on such 


TABLE I 


Equivalent 
Current Three-Phase Are Are 
Volts Interrupted Kva. Duration Length 
Ky. Amperes Interrupted Cycle Inches 
co ee ee ae TOO sraace te SLOVOOO Rr. aeons ee ey Seas 2.8 
BE BT ea BOO Gi baie S2ZH 0008 Ct. LeBishe caterers 7 2.5 
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BR etd RS sce 2; BOO! sh. nets VOB OOO Wain, hs Dk Sree 2.8 
Bs oka dases este Z OOO. rence LO DOG se os.ak A BBE SIR is 3.8 
AR ie ie Aiettaves LsSO0 snp iesiate LOO 000%. Ayan ae Llc att ecisae 2.8 


Single-phase interrupting tests at 60 cycles on gated explosion chamber 
shown in Fig. 2—are durations and lengths include both gaps. Recovery 
yoltage rate 1,600 to 1,800 volts per microsecond. Arc durations and 
lengths include both gaps. 


a chamber. All of these tests are circuit interrupting 
tests. Although the maximum pressure in the ex- 
plosion chamber was about 80 Ib. per sq. in., the pres- 
sure above the oil in the tank was very low in all tests. 
Because of the short are durations, contact burning 
and oil deterioration were negligible. i: 
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Inasmuch as rate of recovery voltage rise plays an 
important part in the interrupting performance of 
breakers, all test data herein will include a statement 
of recovery voltage rise rate. In some tables of data, 
it will be noted that a range of recovery voltage rise 
is given. This range primarily results from changes in 
circuit reactance made to control the value of short 
circuit current. Recovery voltage rise rates as high as 
those listed do not occur in regular practise except in 


Fic. 3—O1n-Buast PrincipLe AppLieD TO INDOOR 15,000- 
Vott DowNnwarvb-Break Breakers Having THREE POLES 
IN ONE TANK 


A. Contacts closed } 
B. Contacts partially open 
Cc. Contacts open 


cases where a breaker on a single feeder from a generator 
bus interrupts a short circuit at a point on the feeder 
near the stations. 


APPLICATION TO DOWNWARD-BREAK INDOOR 
MOoODERATE-INTERRUPTING-RATED BREAKERS 


So far, the description of applications of the oil-blast 
principle has: included designs in which explosion 
chambers are used. The application of the principle 
is, however, not limited to explosion chamber type 
breakers but is also applicable to the smaller breakers 
of moderate interrupting ratings in the range of from 
50,000 to 250,000 kva. at voltages up to and including 
15,000 volts. In applying the principle to such breakers 
of the downward break tank type in which all three 
poles of a three phase breaker are in one tank, a box of 
insulating material inside the tank surrounds the entire 
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group of contacts. The top of the box is just below the 
oil level. Three of the sides of this box fit the inside 
of the tank, the fourth side of the box adjacent to one 
set of contacts is set away from the tank and opposite 
each contact is an opening in the side of the tank. The 
arrangement of this box in the tank is shown in Figs. 
3 and 4 which should be referred to in the following 
description of the operation of the breaker. 

As the contacts part, the decomposition of the oil 
by the arc forms gas which creates pressure in the 
insulating box and causes oil to flow out of the orifices 
in the side of the box spaced away from the tank. 
These orifices are so placed that the flow of oil is past 
the contacts and the are adjacent to the orifices. 
Therefore, the arc products in the contact gaps adjacent 
to the orifices are being continuously washed away and 
out through the orifices so that at an early current 
zero, when no decomposition is taking place, the space 
between the stationary and moving contacts is filled 
with clean oil, the insulation of which is sufficient to 


Fie. 4—Computete 15,000-Vott INnpoor Breaker wits OIL- 
Buast Design SHOWN IN Fie. 3 


prevent the recovery voltage from breaking down the 
gap and continue arcing. 

In the design of these breakers are a number of 
interesting features, for example, with the box enclosure, 
any pressure in the box acts on the three operating 
rods which pass through the top of the box and tend 
to reclose the breaker. To compensate for this ten- 
dency to close, pistons of an area somewhat greater 
than the combined area of the operating rods are at- 
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tached to the cross tie at the bottom of the moving 
contacts and extend through the bottom of the box. 
The result is that the pressure in the box exerted on 
the larger area of the lower pistons gives a definite 
opening tendency for all pressures inside the box. 
Another design feature worthy of mention is the arcing 
horn on the pressure building contacts, that is, the 
ones adjacent to the box wall with no opening. The 


TABLE II 
Time from 
Are Trip Im- 
Current Kva. Are Duration pulse to In- 

Interrupted Inter- Duration Length terruption 
Volts Amperes rupted Cycles Inches Cycles 
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Three-phase 60-cycle interrupting tests on an indoor 15,000-volt down- 
ward break breaker of the type shown in Fig. 4—rate of recovery voltage 
rise 500 to 11,000 volts per microsecond. 

Maximum arc lengths and durations of the three phases recorded. Arc 
duration and lengths include the interrupting gap only. 


purpose of this horn is to curtail box pressure produced 
by the pressure building gap. To understand this, it 
must be realized that only a small gap is required to 
produce sufficient pressure to cause an adequate blast 
of oil across the actual interrupting contacts which are 
adjacent to the openings in the box. On the other 
hand, a somewhat longer gap may be required in the 
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Fig. 5—SEQUENCE OF OPERATION OF ContTACcTS OF UPWARD- 
Break Moperate Voutacre INDooR BREAKER DurRINnG Circuit 
INTERRUPTION 


A. Contacts closed 
B. Gates closed—breaker partially open 
Cc. Contacts open 


interrupting contacts. As the two gaps without the 
arcing horn would normally be the same for each incre- 
ment of travel of the contact blade, the horn is provided 
to limit the pressure producing gap to a value that is 
sufficient to provide only proper oil-blasting pressure 
necessary to accomplish are extinguishment at an 
early current zero by the insulation introduced in the 
interrupting gap. 
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Table II shows some of a series of interrupting tests 
made at 4,200 volts on a 15,000-volt breaker of this 
type. If the arc durations shown in this table are com- 
pared with arc durations of plain-break breakers previ- 
ously used in the interrupting and voltage range 
covered by this line of breakers, it will be found that in 
general the arc durations of these new breakers are 
from 75 per cent to 85 per cent shorter. This shorten- 
ing of the arc duration effects a marked reduction in 
the oil deterioration and contact burning. 


APPLICATION TO UPWARD-BREAK INDOOR 
HIGH-INTERRUPTING-RATED BREAKERS 


Breakers of the upward break type having two tanks 
per pole and commonly known as the H type are espe- 
cially well adapted to the application of the oil-blast 
feature.’ The interruption action illustrated in Fig. 5 
is so similar to that described for the gated explosion 
chamber that further description is considered super- 
fluous. 

In Table III are listed some of the interrupting tests 


TABLE III 
Current 
Interrupted Are Are 
R.M.S. Kva. Duration Length 
Test Volts Amperes Interrupted Cycles Inches 
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Three-phase 60-cycle interrupting tests on a 15,000-volt 2,000-ampere 
FH oil circuit breaker with cross blast baffles shown in Fig. 5. 

Maximum arc length and duration of the three phases are recorded. 

Rate of recovery voltage rise 1,000 to 1,600 volts per microsecond. 

Arc durations and lengths include both gaps. 


made on one of these breakers. The are durations in 
this table are from 50 per cent to 80 per cent less than 
the are durations in-breakers with the older type of 
baffles. These reduced are durations and the corre- 
spondingly lessened contact burning permit increases 
in interrupting ratings in these breaker structures. 


APPLICATION TO DOWNWARD-BREAK MODERATE- 
INTERRUPTING-RATING MODERATE-VOLTAGE 
OUTDOOR BREAKERS 


Another line of breakers to which the oil-blast 
principle has been applied’ is that comprising 15,000 
volt outdoor breakers in interrupting ratings from 
50,000 kva. to 175,000 kva. In these breakers, each 
pole is contained in a separate tank. The general 
construction and operation are, however, similar to 
those described for the indoor 15,000 volt moderate 
interrupting rated breakers previously described. It 
is therefore considered sufficient to include Fig. 6, a 
cross section of one tank. 

As to tests, those shown in Table IV are typical. 
Also, as the are durations are comparable with those 
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already listed for other breakers and the comments 
regarding performance apply, they will not be repeated. 


APPLICATION TO SINGLE-PHASE SUPER-SPEED HIGH- 
SPEED OUTDOOR BREAKERS 

In all of the breakers so far described, the oil-blast 

resulted from oil decomposition by a pressure producing 

gap. The same effect can be produced by mechanical 

means as will be shown in the following description of 
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Fic. 6—O1t-Buast PrinciepLeE ApPPLiep To Ourpoor Mop- 
ERATE-VOLTAGE DOWNWARD-BREAK BREAKER wiTH FHacu 
Poue IN ONE TANK 


Contacts partially open 


TABLE IV 
Arc Length Time from 
Current Trip Im- 
Volts Interrupted . In. per’ pulse to In- 
Ky. Amperes Kva. Cy. of Arc Brk. ter. Cyc. 
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Three-phase 60-cycle interrupting tests on the downward break 15,000- 
yolt outdoor breaker with oil blast feature shown in Fig. 6. 

Rate of recovery voltage rise 1,400 volts per microsecond. 

Are durations and lengths included only the interrupting gap. 

Maximum arc lengths and durations of the three phases are recorded. 


a 15,000-volt single-phase breaker designed for single- 
phase 25-cycle, 12,000-volt railway service requiring 
that 50,000 amperes at 12,000 volts be interrupted in 
one cycle or 0.04 second.’ 

In this case, a piston acting in a cylinder containing 
oil is used in place of the pressure gap to inject the 
blast of oil into the gap between the interrupting con- 
tacts. Fig. 7 shows the interrupting element of one of 
these breakers with the contacts in the closed and 
opening positions. When interrupting a short circuit, 
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the spring charged mechanism pulls the contacts apart 
at the same time the piston moves downward. The 
baffle around the moving contact directs the oil flow 
created by the piston movement over the stationary 
contact upward through the hollow contact rod into 
the air chamber. The path of the rapid stream of oil 
is thus directly through the are path so that at the 
first current zero, further flow of current is prevented 
by the high insulation of the oil that has replaced the 
are products. 

Quick tripping of this breaker is obtained by the 
utilization of a very simple mechanism which is re- 


TABLE V 
Current Current Are Short-Circuit 
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Interrupting tests outdoor at 25 cycles single phase on high-speed 
breaker with oil blast features shown in Fig. 7. 
Rate of recovery voltage rise—range 400 to 800 yolts per microsecond, 


Fig. 7—Interrvurting Erement or a 15,000-Vour 1,500- 
Amprre Breaker Designep To INTERRUPT 50,000 AmpERES 
In 0.04 Seconpn at 25 CyciEs 


Oil-blast obtained mechanically 
A. Contacts closed 
B. Contacts during arcing period 


leased to open by means of a magnetic tripping mech- 
anism of the type used on high-speed air breakers.° 

Table V shows data on a few of a series of 49 tests 
made on one of the 12,000-volt high-speed breakers. 
After the first 31 tests at currents interrupted ranging 
from 2,500 to 18,000 amperes at 12,000 or 13,000 volts, 
the contacts were examined and found to be only 
moderately burned. 
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After the 3lst operation, new oil and contacts were 
put in the breaker. Then after six interruptions, a 
series of 12 tests was made at 12,000 volts and currents 
interrupted ranged from 21,000 to 35,000 amperes. 
The time interval between tests varied from 15 to 40 
seconds. After these tests, the contacts were only 
moderately burned. The oil tested 12.2 kv. in a 
standard gap. 

The points worthy of emphasis in the performance 
of this breaker are that the mechanically created oil- 
blast which gives short arcing times can be readily 
combined with a mechanism and trip which operate 
so quickly that the short circuit can be interrupted at 
the first current zero after the short circuit begins. 
This rapid clearing occurs at both low and high cur- 
rents interrupted. 


CONCLUSIONS 


The oil-blast principle of circuit interruption has 
been applied to oil circuit breakers for high and low 
voltages and small and large interrupting ratings. 
Parts can also be supplied to apply this principle to 
many types of breakers already in service. Although 
the mechanical construction of the interrupting ele- 
ments may vary for different requirements as is shown 
by the ability to obtain the results either mechanically 
or electrically, nevertheless the fundamental principle 
of operation is the same. 

Breakers equipped with oil-blast show consistently 
short are lengths and unusually short periods of are 
duration, even at the higher rates of recovery voltage 
rise and over wide ranges of current interrupted. The 
result is that contact burning and oil deterioration are 
so minimized that the maintenance required is greatly 
reduced. 

In many types of breakers to which oil-blast has been 
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applied, it has been possible to increase the interrupting 
rating of the structure. Many types of breakers already 
in service may be modified to incorporate the oil-blast 
feature and obtain high-speed operation. Also,.in the 
newer designs, the interrupting capacity per unit vol- 
ume is much greater than that previously obtained. 


The rapid arc-extinction characteristic of the oil- 
blast design makes it admirably adaptable to breakers 
requiring high speed of operation. Such high speed 
improves system stability, minimizes system voltage 
dips, and improves service in many other ways. 


Bibliography 

1. The Oil-Blast Circuit Breaker, D. C. Prince and W. F. 
Skeats, A.I.E.E. Quarterly Trans., Vol. 50, No. 2, 1931, p. 506. 

2. Circuit Breaker Field Tests on Standard and Oil-Blast Ex- 
plosion Chamber Oil Circuit Breakers, R. M. Spurek and H. EH. 
Strang, A.I.H.E. Quarterly Trans., Vol. 50, No. 2, 1931, p. 513. 

3. Oil Circuit Breaker Tests—Philo 1930, Aims, Setup and 
Results from a System and Operating Viewpoint, Philip Sporn 
and Harry P. St. Clair, A.I.E.E. Quarterly Trans., Vol. 50, No. 2, 
1931, p. 498. 

4. The Theory of Oil-Blast Circuit Breakers, D. C. Prince, 
A.I.E.E. Trans., March 1932, p. 166. 

5. Circuit Breaker Recovery Voltages, Magnitudes and Rates of 
Rise, R. H. Park and W. F. Skeats, A.I.H.E. Quarterly TRans., 
Vol. 50, No. 1, 1931, p. 204. 

6. “Oil-Blast Breaker Theory Proved Experimentally,’’ D. C. 
Prince and H.. J. Poitras, Electrical World, February 28, 1931. 

7. “Oil-Blast Extended to Other Breakers,’’ D. C. Prince and 
W. #. Paul, Electrical World, September 19, 1931. 

8. “Impulse High Speed Circuit Breaker,’ W. K. Rankin, 
General Electric Review, October 1931. 

9. High Speed Circwit Breakers, J. W. McNairy, Summer Con- 
vention A.I.E.E., Quarterly Trans., Vol. 47, No. 4, 1928, p. 1276. 


Discussion 
For discussion of this paper see page 191. 


Recent Developments in Arc Rupturing Devices 


BY. R. C. VAN SICKLE* 


Non-member 


hes deion grid method of arc rupture has been very 
successfully applied during the past two years to 

the design of an extensive line of are rupturing 
devices for oil circuit breakers of all voltage classes. 
The soundness of the fundamental theory underlying 
this development has been amply demonstrated by the 
remarkable improvement in operation shown by circuit 
breakers of every voltage class when designed according 
to this principle. This paper discusses later develop- 
ments in this theory, describes the newest types of arc 
rupturing devices embodying this principle, and pre- 
sents results obtained with them in special tests and 
during operating service in the field. 


THEORY 


The fundamental operating principles and the struc- 
tural arrangement of the deion grid have been discussed 
in previous papers before the Institute,!? but recent 
developments in are rupturing phenomena make it 
desirable to review briefly the manner in which this 
device, Figs. 1 and 2, functions to extinguish an arc. 
The separation of the circuit breaker contacts draws the 
arc in a narrow slot open at one end and filled with oil. 


Fig. 1—Derton Grins Sizes A, B, C, D ann E ror Ourpoor OIL 
Circuit BREAKERS 


At intervals through the stack of plates making up the 
grid, there are interspersed plates of magnetic material 
which surround the slot on three sides and so modify the 
magnetic field of the are as to produce a force which not 
only keeps the are within the slot but also moves it back 
into a series of oil pockets. The intense heat of the arc 
vaporizes and decomposes the oil, generating gas which 
can escape only through the open end of the slot. In 
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and 


doing so the gas must pass through the arc stream, 
subjecting this ionized path to a continuous turbulent 
blast of fresh un-ionized gas. Furthermore, since this 
generation of gas is continuous throughout the full 
length of the are, the deionization due to the automatic 
gas blast takes place not alone in some selected portion 
of the are but continuously and evenly throughout its 
entire length. The magnetic blowout is used to advan- 
tage in this device by applying the forces so as to control 
and hold the are without appreciably lengthening it. 
According to the theory recently discussed by Slepian 


Fig. 2—Derton Grins ror 34.5 Kv., 46 Kv. anp 69 Kv. Maps 
or C Sizm Units 


before the Institute’ and given experimental confirma- 
tion by Browne,‘ the turbulent condition of the are 
stream causes the arc to be broken up into many parallel 
ares of very small cross section, so that the complete 
stream may be considered as a number of fine threads 
swirling about in tumultuous motion, these threads 
being highly ionized and carrying most of the current. 
At the current zero, diffusion from these slender threads 
of intense ionization into the fresh un-ionized gas all 
about them causes the whole arcing space to assume 
almost immediately a comparatively uniform low ion 
density so that in a very few microseconds dielectric 
strength of perhaps twenty times the are voltage is 
established between the contacts. Further deioniza- 
tion due to recombination and diffusion continues, aided 
by the gas blast, but it is the extremely rapid initial 
rate of recovery of dielectric strength that makes possi- 
ble the interruption of an are under unusually difficult 
circuit conditions. It is evident that a high degree of 
efficiency is obtained with deion grids since all of the 
gases generated are caused to pass directly through the 
are stream in order to escape. It is thus possible to 
produce a high rate of deionization in the are path with 
a minimum amount of gas generated and a correspond- 
ingly small amount of energy liberated within the circuit 
breaker tank. 
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APPLICATION 


Previous discussions before the Institute’ have set 
forth the constructions by which these principles have 
been applied in high voltage, outdoor circuit breakers 
from 34.5 kv. to 230 kv., and this paper describes the 
later developments applying the same principles to the 
15 kv. and 23 kv. outdoor breakers, particularly the low 
capacity breakers for automatic reclosing service, and 
to the power house class of oil circuit breakers at 15 kv. 
For purposes of comparison, representative grids for 
different voltage applications are shown in Fig. 1. It 
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The voltage per contact break is comparatively low and 
presents no great difficulties for the modern oil circuit 
breaker. System disturbances due to voltage surges 
constitute an operating problem of relatively minor 
importance and the desirability of any circuit breaker 
for this application is measured, not by the shortness of 
its arcing period alone, but by its ability to interrupt 
heavy short circuit currents without emitting oil or 
flame and without mechanical injury to its operating 
parts. The-breaker must also be able to withstand a 
reasonable number of repeated cycles of duty without 


Fig. 3—A Catuopr Ray OscitLoGRAM OF A SINGLE-PHAsE INTERRUPTION BY 
A Grips or 3,300 AmprrEs aT 132 Ky. 


will be noted that the grids are essentially stacks built 
up from a number of units, each unit consisting in turn 
of thin plate elements of insulating and magnetic 
materials. These plate elements are designed in five 
different sizes, designated by the letters A to H and 
each applicable within a certain range of voltage. The 
size of the plate varies roughly with the voltage rating 
in which it is applied, the largest plate being used for 
the highest voltage. The number of units in each stack 
is varied according to voltage requirements as may be 
seen from Fig. 2 in which three grids for different volt- 
ages are shown built up from plates of the C size. 

It will be apparent on reflection that in applying the 
grids over this wide range of service voltages, many 
diverse conditions are encountered and many different 
aspects of the problem must be solved. For instance, 
in the power industry today circuit breakers with rup- 
turing capacities up to 2,500,000 kva. are required both 
at 15,000 volts and at 230,000 volts, as well as at the 
intermediate voltages, but the magnitudes of the cur- 
rents interrupted at this kva. rating differ widely at the 
two extremes of voltage. At 230 kv. the current inter- 
rupted per phase is less than 6,500 amperes while the 
voltage per contact break is very high. The out- 
standing problem in operating service at this voltage is 
one of system stability under short-circuit conditions 
and the desirability of any circuit breaker for such 
service is gaged by its ability to interrupt short circuits 
with a minimum duration of arcing. Therefore, the 
grid for such service must be inherently a voltage device 
and all the elements of its design must be shaped to the 
purpose of building up dielectric strength in the are 
path at the highest possible rate in order to prevent 
fast-rising, high recovery voltages from restriking the 
arc after a current zero. 

At 15,000 volts the conditions are quite different. 


impairing its adequacy for normal switching service 
immediately afterward. Since the short-circuit cur- 
rent per phase in this service approaches a maximum of 
100,000 amperes, the grid for such an application must 
be inherently a current rupturing device with its parts 
so designed that an arc will be drawn only to the length 
at which it can be extinguished most advantageously 
with a minimum amount of energy liberated. It must 
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Fig. 4—A Maanetic OscituoGrRaAM CorRESPONDING TO Fig. 3 


also dissipate the gases which are formed and protect 
the circuit breaker itself from damage due to the pres- 
ence of high powered arcs. 

The varied, and in some cases conflicting, require- 
ments for this wide range of service have been met and 
circuit breakers equipped with deion grids are now 
available in nearly every breaker class. These grids 
are all similar and vary gradually from high capacity, 
high voltage or A size to the low capacity, low voltage 
or E' size. They are the result not only of the applica- 
tion of a theory, but also of extensive testing and 
development in both field®? and laboratory. The use 
of a cathode ray oscillograph is of great assistance in 
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studying the are voltage since it records the phenom- 
ena accurately on a large time axis. One cycle on a 
cathode-ray oscillogram, Fig. 3, occupies as much 
distance on the time axis as 75 cycles on a corresponding 
magnetic oscillogram, Fig. 4. 

The length of all of these grids, while graded to the 
voltage for which they are designed, is such that are 
extinction ordinarily takes place before the movable 


— 


o 


* 
QUICK BREAK 
| Contacts | 
| J 


i) 


fo.) 


On 


DURATION OF ARCING —-CYCLES 
x 


$b 


aie eed 
,DEION GRID 
CONTACTS. 


te) ! 2 3 4 5 
INTERRUPTED CURRENT—THOUSAND AMPERES 


Fig. 5—Curves SHOWING THE REDUCTION IN ArcING TIME 
on A 66-Ky. Circuit By Susstirutinc Dion Grips FoR 
QuicK-BREAK CONTACTS 


QUICK BREAK 
CONTACTS 


INERGY —KILOWATT SE'CONDS 


Ww 


Oye ul be pt 
Patel | 


fo} i 2 3 4 5 
INTERRUPTED CURRENT —THOUSAND AMPERES 


Fig. 6—Curvins SHOWING THE REpucTION In Arc ENERGY 
on A 66-Kyv. Circuit By SusstiTtuTiInG Dre1on Grins ror QuicK- 
Break Contracts 


are-drawing contact is half way down the grid. This 
large factor of safety is provided for two reasons; first, 
to insure adequate rupturing ability in the event of a 
breaker being subjected to unusually difficult circuit 
conditions involving extraordinarily rapid rates of rise 
of recovery voltage, or of its being unwittingly subjected 
to excessive overvoltages; second, to provide for any 
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possible loss of effectiveness of one or more of the 
uppermost units in the grid due to unusual duty in the 
form of a prolonged series of repeated heavy current 
interruptions without an opportunity for inspection. 
It will be noted that each individual unit in the grid 
starts to produce its own horizontal gas blast as soon 
as the arc reaches it, so that the longer the arc, the 
greater the number of units which are brought into 
play against it. A great advantage is thus obtained 
over any device that restricts its deionizing activity to 
one or at most two points of the arc. 

The remarkable improvement in the interrupting 
characteristics of the outdoor breakers resulting from 
the replacing of plain or quick break contacts by deion 
grids is illustrated by several representative curves 
taken from laboratory tests. Fig. 5 shows that the 
duration of arcing on a 66-kv. circuit was reduced to 
between one-fourth and one-seventh of the former 
arcing time by the use of deion grids. This result is of 
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great importance in connection with the effect of short- 
circuit duration on system stability. For the same 
series of tests, Fig. 6 shows that the are energy with 
deion grids was only 5 per cent to 10 per cent of the 
values associated with conventional quick break con- 
tacts. This means a corresponding reduction in contact 
depreciation and oil deterioration and makes possible 
long periods of service without maintenance to the 
breaker. 

Tests on a 38-kyv. circuit gave the results shown in 
Figs. 7and 8. The deion grids used in these tests were 
of the C size and the improvement over the old style 
contacts is just as pronounced. The duration of arcing 
is shortened about 75 per cent while the are energy is 
reduced to less than 10 per cent of the value with quick 
break contacts. It should be remembered that all of 
these tests were made on a low power factor laboratory 
circuit involving a much higher rate of rise of recovery 
voltage than is usually found in actual service in the 
field. Even better performance of the circuit breakers 
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is to be found under average operating conditions as is 
confirmed by the data given later in this paper: 


AUTOMATIC RECLOSING FEEDER BREAKERS 


In the class of circuit breakers for automatic reclosing 
service on distribution feeder circuits there is a growing 
demand for breakers which may be subjected to 
repeated cycles of interrupting duty without requiring 
any maintenance. These breakers are also required to 
reclose after clearing a short circuit with a much smaller 
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time interval than the two minutes provided for in the 
standard duty cycle. The excellent characteristics of 
moderate capacity deion grid circuit breakers designed 
for this type of service have been demonstrated by many 
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A 15-ky. oil circuit breaker equipped with EF size 
deion grids was subjected to a series of 21 short circuits 
of approximately 14,000 amperes at 3,810 volts, the 
duty cycle consisting of one CO plus two OCO tests at 
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zero and 120 second time intervals. The complete series 
of tests occupied only 45 minutes, during which time the 
tanks were not even lowered for inspection of the con- 
tacts. The data for these tests are given in Table l. 
The interrupted current varied from 12,200 amperes to 
15,300 amperes, while the breaker closed against cur- 
rents from 15,000 amperes to as high as 28,800 amperes 
during the OCO tests. The oscillogram in Fig. 9 shows 
an average of between 1.0 and 1.5 cycles of arcing on a 
frequency of 60 cycles per second and indicates a breaker 
time from the instant the trip coil was energized until 
the are was extinguished of about six cycles. It will 
be noted that the initial reclosure occurred only 24 


series of tests similar to the following. 


TABLE I—15-KV. DEION GRID OIL CIRCUIT BREAKER RECLOSING TESTS AT 3,810 VOLTS—THREE PHASE—UNGROUNDED--60 
CYCLES DUTY CYCLE: CO—0 SECONDS—OCO—120 SECONDS—OCO 
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eycles or (0.4 second after the first short circuit was 
cleared, this time interval being about as short as could 
be obtained with the reclosing relay equipment. 

The breaker performed very satisfactorily during 
these tests. No appreciable drop in oil level was 
observed, the oil loss being limited to a few drops which 
seeped out between the operating shaft and bushing. 
Pressure records were obtained on several of the tests 


Fie. 10—Tue 15-Kv. Auromatic Reciosina Breaker AFTER 
INTERRUPTING A SERIES OF 21 Successive SHORT CIRCUITS 
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Fig. 11—Heravy Dury Drton Grip Contract ASSEMBLY FOR A 
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but the values were only about 15 pounds per square 
inch. Considering the severe service applied to the 
breaker the oil depreciation was quite moderate, the 
dielectric strength changing from an average value of 
25.8 kv. before the tests to 11.4 kv. after the twenty- 
first test. When the contacts were examined at the 
conclusion of the tests, see Fig. 10, they were found to be 
in condition for further service without maintenance. 
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POWER-HOUSE BREAKERS 


As in the case of the various classes of outdoor 
breakers, the application of deion grids to the power- 
house class of service presented its own individual 
problems of design. Since modern powerhouse breakers 
interrupt heavy short circuits with a duration of arcing 
close to one cycle at 60-cycle frequency, due to the 
effectiveness of the inherent magnetic blowout of the 
current loop, improvement in operation by the applica- 
tion of a more effective form of interrupting device is to 
be expected more in reduced disturbance and oil deterio- 
ration than in shorter arcing time. 

In circuit breakers with deion grid contacts the arc is 
confined in a slot and prevented from moving rapidly 
by the oil trapped in the pockets. Therefore, the total 
length of are is not much greater than the actual con- 
tact separation and the arc voltage is kept toaminimum. 
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This reduction in are voltage combined with the short 
arcing time decreases the total amount of are energy, 
resulting in turn in a smaller volume of gas generated, 
lower pressures, less depreciation in the dielectric 
strength of the oil, and less tendency for the breaker to 
discharge gas and oil during the interrupting process. 
The requirements involved in the interruption of 
heavy currents at low voltage have resulted in the design 
of a heavy duty form of deion grid for powerhouse 
service, illustrated in Fig. 11. Certain details of the 
plate elements are modified so as to provide a more 
sturdy construction and to give proper means of con- 
trol of the heavier current ares. All of the insulating 
plates are made of fiber and are of sufficient thickness to 
give ample mechanical strength to the grid. Large oil 
pockets provide an adequate supply of oil in the grids. 
A vent located immediately below the top plate of the 
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grid relieves the initial pressure impulse as the are 
first appears on the are-drawing contacts. 

It is now generally recognized that the performance 
of oil circuit breakers is much better when operating on 
commercial circuits than when connected directly to a 
laboratory test generator because of the lower rate of 
rise of recovery voltage. An oscillogram of a field test 
in which a plain break circuit breaker interrupted 21,000 
amperes at 12,700 volts with only one-half cycle of 
arcing is shown in Fig. 15. On a laboratory circuit a 
similar breaker interrupting 23,500 amperes with 7,620 
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volts across a single pole arced for two cycles as shown 
by the oscillogram in Fig. 16. However, this same 
breaker when equipped with deion grids and tested on 
this same circuit interrupted 21,500 amperes at 7,620 
volts across a single pole with only one cycle of arcing 
as is shown by the oscillogram in Fig. 17. Correspond- 
ing reductions in the pressure and in the are energy may 
be seen on the oscillograms. It is evident that the 
results of laboratory tests, while not. necessarily repre- 
sentative of the speed of breaker operation on the 
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average commercial circuit, give an excellent means for 
comparing the performance of different types of arc 
rupturing devices. 

By keeping down the rate of liberation of are energy 
by control of the are length and by absorbing some of 
the impulse in the grid structure, the maximum pres- 
sures in powerhouse breakers are actually reduced to 
about one-third of the values obtained with the same 
breaker when equipped with the conventional plain 
break contacts, as shown by Fig. 12. The arcing time 
during these tests on the difficult laboratory circuit was 
about 40 per cent less with deion grid contacts for cur- 
rents between 1,000 and 10,000 amperes, as shown by 
Fig. 18. The are energy, upon which the oil deprecia- 
tion, gas generation, pressure and tendency to throw oil 
depend, is shown in Fig. 14 to be less than half the value 
with plain break contacts over the entire current range 
of a 1,000,000-kva. power-house breaker. 

For the lower normal current ratings the are-drawing 
contact acts as a main current-carrying member as well, 
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the arcing and main current-carrying surfaces being 
carefully separated in the design. The are is drawn on 
surfaces of are-resisting alloy which has five to ten times 
the life of copper. The breaker design with brush con- 
tacts external to the grids, used for the higher current 
ratings, is illustrated by the 15-kv., 4,000-ampere 
breaker shown in Fig. 11. These contacts have given 
excellent results in development tests, and brushes 
rated at 2,000 amperes can carry short circuits up to 
peak values of 200,000 amperes without indications of 
burning. 

The principles of the deion grid method of are rup- 
ture are now being applied to single-tank breakers in the 
4,500, 7,500 and 15,000 volt classes, and improved 
operation comparable with that obtained on the larger 
power-house breakers is expected. 


TESTS 


The results of a number of field tests on high-voltage 
oil circuit breakers equipped with deion grids have 
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TABLE II—50-KV. DEION GRID OIL CIRCUIT BREAKER SINGLE-PHASE-TO-GROUND SHORT-CIRCUIT TESTS ON A 44-KV. SYSTEM 
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already been reported.’7 Among the lower voltage 
breaker classes several series of tests of considerable 
interest have been made recently. The difference in 
operation of the breakers before and after the installa- 
tion of deion grids is most striking. 
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On one of the large 44-kv. systems, the interrupting 
duty imposed upon the breaker in a certain location was 
so heavy due to unusually severe circuit conditions that 
a single operation was sufficient to blacken the oil. Gas 
and oil were usually thrown from the breaker and the 
are was cleared only by utilizing practically the full con- 
tact break distance. 

The old style contacts in one of these breakers were 
replaced by deion grids and the breaker subjected to a 
series of interrupting tests. An extract from the tabu- 
lated data prepared by the operating company is re- 
produced in Table II. There was no throwing of oil and 
no sign of distress. The last five tests were made on 
one pole of the breaker, and the oil tested almost as 
high after the tests as before. 

A smaller circuit breaker rated at 350,000 kva. at 37 
ky., was equipped with deion grids and its performance 
determined by a series of field tests on one of the largest 
26.4-kv. systems. The breaker was first subjected to 
a 2-OCO duty cycle at approximately 12,000 amperes, 
followed after a short interval by one OCO test of 
approximately 16,000 amperes. This last test im- 
posed an interrupting duty of 750,000 kva. on the 


breaker, which was more than twice its rating with the 
old style contacts. Although this was rather heavy 
service for a breaker with 20-in. diameter tanks, there 
was no external disturbance on any of the tests other 
than a small discharge of gas from the vent. The 
oscillograms showed only one cycle of arcing. After 
the three interruptions the oil was in excellent condition, 
having depreciated from 28 kv. to an average value for 
the three tanks of between 23 kv. and 24 kv. The 
contacts when examined showed a negligible amount of 
burning and further testing was prevented only by 
trouble with other apparatus involved in the test set-up. 

Reports have been received from various operating 
companies in all parts of the country that the deion grid 
breakers which they have in service have been giving 
excellent performance. High speed of are rupture is 
giving better system stability. Greatly reduced oil 
depreciation and less contact maintenance is lowering 
operating costs. 

After interrupting three short circuits caused by 
lightning on a 33-kv. system, a deion grid breaker was 
examined, and the only evidence of the service experi- 
enced was a small mark about the size of a pin located 
at a point where the contacts separated. 
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On another system of the same voltage, eighteen short 
circuits were cleared by a deion grid circuit breaker 
before the oil, which then tested 17 kv., was changed. 
The same company reported that one of its 132-kv. oil 
circuit breakers was equipped with deion grids and 
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then not examined until after it had operated 21 times 
due to lightning surges. Although each time it had 
interrupted from 50 per cent to 75 per cent of its ruptur- 
ing capacity, the contacts, and oil were found to be in 
such excellent condition that the breaker was put back 
into service immediately without any maintenance 
whatsoever. 


CONCLUSIONS 


The use of arc rupturing devices employing oil have 
many inherent advantages, and their disadvantages are 
being eliminated or minimized by recent developments. 
With modern methods of controlled are extinction and a 
better understanding of the effect of external circuit 
conditions, uncertain operation and alarming signs of 
distress during even moderate rupturing duty may be 
considered almost a thing of the past. Of especial in- 
terest to the operating companies is the ease with which 
old contacts can be replaced by modern deion grids, 
giving to the breakers greatly improved performance at 
relatively small expense. 

The are rupturing devices which have resulted from 
the scientific analysis of the methods of are extinction 
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have made possible greatly improved interrupting per- 
formance and even further progress in the circuit 
breaker art may be confidently expected. 

The authors wish to express their appreciation of the 
advice and assistance given them by Mr. J. B. MacNeill 
and Mr. H. M. Wilcox. 
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Extinction of A-C. Arcs in Turbulent Gases 


BY T. E. BROWNE, JR.* 


Associate, A.I.E.E. 


Synopsis.—A recent theory of a-c. arc extinction in gas-blast 
circuit interrupters is reviewed. It is predicted on the basis of this 
theory that the interrupting ability of an a-c. arc should increase 
very considerably with the degree of turbulence to which the arc gases 
are subjected, and also that the recovery of dielectric strength by a 
turbulent are space during a period of zero current should be very 
rapid for the first few microseconds and then comparatively slow for 
a considerable time thereafter. Experimental results obtained with 


an arc in atmospheres of various common gases verify these pre- 
dictions, and also reveal the importance of the gas medium. 

A curve has also been obtained showing recovery of dielectric 
strength with tume during the current zero period by an arc in an 
expulsion fuse tube. This curve has the characteristic shape pre- 
dicted by the turbulence theory, thus proving the validity of the theory 


as applied to the behavior of a practical gas-blast device. 
* * * & & 


I. INTRODUCTION 


F the published theory relating to a-c. arc extinc- 
tion, that which explains the behavior of short 
arcs, depending almost entirely upon phenomena 

taking place at, or very near, the surfaces of the elec- 
trodes, is far more complete and in better agreement 
with experiment than that relating to long ares, whose 
behavior is affected very little by the phenomena occur- 
ring very close to the electrodes. The latter, however, 
are probably of much greater practical importance, 
since it is with such ares that engineers must deal in 
most present-day types of circuit interrupters operating 
in a-c. circuits of more than a hundred or so volts. Most 
of the practical circuit interruption difficulties are due to 
the fact that ordinary unconfined arcs must be drawn 
out to prohibitive lengths to interrupt power circuits of 
the higher voltages now in use. Because of this fact, it 
has been necessary to modify the are in some way so as 
to increase the voltage gradient at which it may be ex- 
tinguished. The various methods by which such modi- 
fication has been accomplished usually result in a blast 
of gas being directed into or through the are stream, 
which is confined to a restricted space. In circuit 
breakers employing arcs submerged in liquids, such as 
oil, carbon tetrachloride, or water, the surrounding 
liquid surface serves both to restrict the are space and 
to furnish the gas blast by its rapid decomposition under 
the influence of the high-temperature arc. The fiber 
‘tube of the common expulsion fuse acts in a similar 
manner. In liquid circuit breakers, additional surfaces, 
magnetic fields, gas chambers, hollow electrodes, and 
so on, may be used to increase the effectiveness of the 
interaction between are and liquid. Recently use has 
also been made of blasts of air,!~4 carbon dioxide" and 
hydrogen!+> directed by mechanical means into suit- 
ably confined arc spaces from high-pressure storage 
tanks. i 

The great effectiveness of gas blasts in aiding a-c. arc 
extinction is thus a well established experimental fact, 
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but, though a number of theories has been suggested, 
there has been presented so far very little definitely 
conclusive evidence of an experimental nature to indi- 
eate the actual mechanism of their action. It is the 
purpose of this paper to describe some recent experi- 
ments that have been and are being made in an effort 
to obtain such information. 


II-A. REVIEW OF THEORY 


It is now well established that the extinction of an 
a-c. arc in any practical circuit interrupter occurs at a 
moment of zero current, and is the result of a sudden 
transition of the are space from a conducting to an 
insulating state. Since, according to modern theory, 
electricity is conducted through a gas by the motion of 
positive and negative ions, it follows that loss of con- 
ductivity by a gas must be due to disappearance of the 
necessary ions. In fact, the various means used in 
practise to accomplish the extinction of an a-c. are can 
generally be shown by sufficiently complete analysis 
to be means of accelerating the removal of ions from, or 
deionization of, the gaseous are space. The time avail- 
able for this deionization, between current zero and. the 
appearance of full circuit voltage across the are elec- 


trodes, has been shown‘ to vary from about ten micro- 


seconds to several hundred microseconds. 


Of the various theories put forward to explain the 
effectiveness of different types of gas-blast circuit 
interrupters, that proposed by Slepian,? and further 
developed by Slepian and Denault” in connection with 
the expulsion fuse, seems to the author to be the most 
general in its applicability and to escape objections that 
apply to other theories. In it, the major deionizing 
effect of a gas blast is ascribed to “‘the high degree of 
turbulence it introduces into the bounded gas space 
prior to current zero,” rather than to actual sweeping 
away of ions,! introduction of a non-gaseous insulating 
medium," “loading” of ions,* cooling the arc,’ and so on, 
as suggested by proponents of other theories. The 
action of this turbulence is pictured as causing non- 
uniformity of ionization of the are space, so that many 
comparatively small regions, or “filaments,” of highly 
ionized and conducting gas are interspersed with, or 
surrounded by, masses of very much less intensely 
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ionized gas, either freshly introduced, or deionized by 
recent contact with the bounding walls in the course of 
its turbulent motion. At current zero, when the genera- 
tion of ions within the conducting regions is momen- 
tarily stopped, the dimensions of these regions are such 
that they very quickly lose their high density of ioniza- 
tion by diffusion into the adjacent non-conducting gas, 
resulting in a nearly uniform ion distribution having a 
very much smaller maximum density, and consequently 
requiring a very much higher breakdown gradient.® 


II-B. PREDICTIONS OF THEORY 


On the basis of this theory, then, the dielectric 
recovery of a turbulent arc space may be thought of as 
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Fig. 1—ReEcovery or DigeLectric STRENGTH OF TURBULENT 


Arc SPACE, AS PREDICTED BY THEORY 


occurring in two stages. The first consists of a very fast 
rise resulting from the rapid diffusion of ions from the 
small filaments into the surrounding gas, and continues 
until a condition of approximately uniform ion density is 
reached. Following this is the second stage marked by 
a very much slower further recovery as ions are lost 
from the are space by the means usually considered, 
such as diffusion to surrounding surfaces, recombina- 
tion, “whisking away,” and soforth. This is illustrated 
by the idealized curve A B C of Fig. 1, where A B repre- 
sents the first stage and BC the second stage of the 
dielectric recovery. Since the slope of the line A B will 
depend upon the smallness of the conducting filaments 
at current zero, it follows that an increase in the turbu- 
lence of the are space preceding current zero will result 
in an increase in this slope and a decrease in the time 
required to reach the uniform condition at B. For very 
small conducting regions such as may be expected with 
a high degree of turbulence, this time may be only a few 
microseconds. The effect of turbulence alone on the 
slower recovery B C is probably not nearly so great. 
From these considerations, the effect of increasing 
turbulence on the interrupting ability of an arc in a cir- 
cuit of given speed may be predicted. As long as the 
slope of A B is such that full circuit voltage is recovered 
in less than the time ts, increasing the turbulence will 
yield a rapid increase in the volts-per-centimeter at 
which the are will be extinguished. If ts should become 
less than the circuit transient period, however, the 
improvement resulting from a further increase in turbu- 
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lence would be only in proportion to the much smaller 
effect on the height of the line BC. This apparent 
maximum effect of turbulence should appear sooner with 
slow circuits and with ares in rapidly diffusing gases, 
such as hydrogen. Of course, in practical gas-blast 
devices, the magnitude of the maximum short-time 
dielectric strength H, and the time tg required to reach 
it will also depend very largely upon conditions other 
than turbulence existing in the are space prior to cur- 
rent zero. Such conditions, which govern the average 
density of ionization throughout the actual are space at 
current zero and before, are current magnitude, proxim- 
ity of confining walls,® rate of dilution by fresh gas, pres- 
ence of solid or liquid bodies, or particles, within the 
are space, and composition of the are gases.*® In 
practise, of course, the volt-time recovery characteristic 
of the are would hardly consist of straight lines and 
sharp angles, as in Fig. 1, but it may be expected to 
follow the general direction of these lines. 


III-A. EXPERIMENTS WITH ROTATING ARC STRUCTURE 

To test the validity of this theory, the arcing structure 
shown in Fig. 2 was used. In it, factors other than 
turbulence to which gas-blast effectiveness might be 
ascribed, such as the cooling, diluting, and scavenging 
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effects of a high-velocity stream of fresh gas, were elimi- 
nated by dispensing with the gas blast, as such, and 
producing turbulence by driving the are around the 
circular slot at high velocity by means of a strong radial 
magnetic field produced by passing direct current 
through the coils in such a direction that the radial 
components of their fields were additive in the region of 
the circular are space. As illustrated, the apparatus 
was arranged so that the air in the slot could be replaced 
by other gases when desired. Ordinary commercial 
forms of oxygen, nitrogen, hydrogen, and carbon diox- 
ide, as purchased in tanks, were used and a small flow of 
gas was maintained during the tests to prevent diffusion 
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of air back into the apparatus. The arc was initiated 
within the slot by the burning of a fine copper fuse 
threaded between the two copper-disk electrodes. 

Fig. 3 gives the results of measurements, by means of 
probe electrodes and oscillograph, of the average speed 
of a 600-ampere, 60-cycle arc at different strengths of 
the driving magnetic field (produced by direct current) 
in the 0.635 cm. slot with atmospheres of oxygen, car- 
bon dioxide, air and hydrogen. The speed for a given 
driving force seems to increase with decreasing density 
of the gas, if carbon dioxide is presumed to be almost 
entirely decomposed by the high are temperature into 
carbon monoxide and oxygen. Fig. 4 shows similar 
results for a 1.9 cm. slot, obtained by reducing the diam- 
eter of the inner cylinder. The interchange of position, 
in this case, of the curves for carbon dioxide and for air 
is difficult to understand, and suggests that the process 
by which the are moves through the gas under the in- 
fluence of the magnetic field is not simple. The large 


— POINT 
1200) a ee Ss Bok ue 
x- be "CARBON DIOXIDE 
e- hy +3 OXYGEN 


ARC SPEED IM METERS /SECOND 


fos 
eal 


‘date alee Baba 


3000 


0) 
FLUX DENSITY IN GAUSSES 


Fig. 3—AVERAGE SPEED oF A 600-AMPERE, 60-CycLE ARC, 
3.8 Cm. Lone Movine In A CIRCULAR SOAPSTONE Siot 0.635 Cm. 
Wipe IN Various GasEs aT ATMOSPHERIC PRESSURE, AS A 
Function oF AVERAGE RapraL Fitux DENsITY IN THE SLOT. 
(D-C. Fretp) 


variation shown by the scattering of the points, espe- 
cially at the higher speeds, also suggests this. How- 
ever, it is believed that, in general, the body of ionized 
conducting gas, or are core, is driven against and 
through the surrounding non-conducting gas much as 
if it were an ordinary solid conductor, but having a less 
definitely marked bounding surface. The action of the 
moving arc on the rest of the gas in the slot is then simi- 
lar to that of a leaky piston, driving all of the gas around 
the slot at a somewhat lower speed than that of the are 
itself. 

Fig. 5 shows that, with a constant field strength, 
increasing the arc current increases the speed of the arc 
according to a curve somewhat similar in shape to that 
of Fig. 3 with constant current. Detailed comparison 
of the two curves, however, shows that for the same 
values of 6 I, field strength times current, the smaller 
current ares move considerably faster than do the higher 
current arcs. For example, at 6 J = 222,000 gauss- 
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amperes, the 600-ampere are moves at 76 meters per 
second and a 200-ampere arc at 90 meters per second. 
At 2,000,000 gauss-amperes, the 600-ampere arc is 
driven at 520 meters per second and an 1,800-ampere 
arc at only 355 meters per second. This seems to indi- 
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cate the piston action of the are, since the larger current 
arc may be expected to act as a more perfect piston and 
therefore be slowed up to a greater extent -in moving 
the body of gas at.a velocity nearer its own.- 


» Of course, the effect; other- than- producing: bodily 


motion, of-the magnetic field upon the are must be con- 
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sidered. Calculations, which had to be omitted for 
lack of space, were made on the basis of modern kinetic 
theory of gaseous conduction to determine the possible 
effect of the fields used in these experiments upon the 
mobilities and diffusion coefficients of ions and electrons 
in the are space. These calculations show that this 
effect could be hardly any more than the imparting to 
the electrons of an additional transverse velocity, which, 
on being immediately transmitted by impact to the gas 
molecules, acted as a volume distributed force tending to 
move the arc as if it were a solid conductor. Additional 
evidence that the effects produced were due to the re- 
sulting velocity rather than to the magnetic field is 
given by the fact that an alternating field nearly in 
phase with the are current produced almost as great an 
effect on the extinction at current zero, as the field due 
to a direct current of the same r.m.s. value. In the a-c. 
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field case, the flux density at the current zero of the are 
was very slight, so that the change in the are’s extinction 
characteristics must have been due to a condition caused 
by the action of the field on the arc prior to current zero. 
It is believed that this condition was the turbulence of 
the arc gases resulting from the are’s velocity, which 
was, in turn, produced by the force due to the transverse 
magnetic field. 

The power supply for these experiments consisted of 
two 50-kva. transformers with 2,300-volt, 60-cycle pri- 
maries arranged to provide a considerable number of 
secondary voltages. The current was limited almost 
entirely by large air-core station-type reactors, having 
very low resistance and distributed capacitance. The 
time required for full circuit voltage to appear across the 
are after current zero is estimated to be of the order of 
ten microseconds for a circuit of this type. For the 
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sake of uniformity of conditions, the reactance of the 
circuit was adjusted so as to obtain a short-circuit cur- 
rent of approximately 600 r.m.s. amperes in all of the 
experiments for which results are presented. The cir- 
cuit was closed by means of a synchronously controlled 
short-circuiting switch, to obtain symmetrical first 
cycles. At each of a series of circuit voltages, the cur- 
rent in the field coils was adjusted by repeated trial to 
the minimum value that would just cause extinction of 
the are after not more than two half-cycles. The 
results of a series of such experiments with arcs in 
the 0.635 em. slot in atmospheres of air, nitrogen, car- 
bon dioxide, oxygen, and hydrogen are shown in Fig. 6. 
The r.m.s. circuit voltage at which the are was extin- 
guished is plotted against the are speed which corre- 
sponds to the critical field current, as shown by Fig. 3. 
The arc-speed vs. field-strength curve in nitrogen was 
assumed to be the same as that in air. Values of aver- 
age arc voltage are also plotted in this figure. 

These curves show very clearly that increasing the 
turbulence of the arc gases does increase the dielectric 
strength recovered by the are space within a given short 
time after current zero. The are voltage was also in- 
creased, but not to so great an extent. This probably 
indicates that the rate of formation of ions in the are 
increases more rapidly than the first power of the arc 
voltage. Thus, at the highest arc speeds, the increase 
in rate of ion production due to an increase of 100 per 
cent or less in are voltage during the half-cycle would 
be sufficient to balance the greatly increased rate of loss 
of ions which causes a dielectric recovery of several 
hundred per cent during the current zero period; and 
this is seen to be the case. 

One very interesting fact strikingly revealed by these 
curves is the great difference between the interrupting 
ability of ares in different gases for the same arc velocity. 
The superiority of hydrogen as an arc atmosphere is not 
surprising, because of the smaller mass and resulting 
higher rate of diffusion: of the hydrogen ions, but the 
great difference between oxygen and nitrogen is not 
predictable from their molecular weights. The curve 
for air, which is largely nitrogen, lies closer to the curve 
for nitrogen than to that for oxygen, as might be ex- 
pected. No reason is definitely known for the apparent 
slow deionization of the turbulent arc in nitrogen. It 
might be due to the formation of relatively massive, 
slow diffusing ‘‘clusters’’!* of molecules about positive 
ions, or to some other property or process of similar or 
different character. The peculiar upward bending of 
the carbon dioxide curve is difficult to explain, but the 
general agreement in magnitude of this curve with that 
for oxygen would seem to follow from the assumption 
that the gas at. are temperatures is largely a mixture of 
oxygen and carbon monoxide, which latter has a molecu- 
lar weight comparable with that of oxygen. The flat- 
tening of the hydrogen curve at the higher velocities 
seems to indicate the approach to a maximum effect of 
turbulence as predicted in the theory. 
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In Fig. 7 are plotted a few similar data obtained with 
a slot three times as wide, for comparison with those of 
Fig. 6. The line for air, located by two points, has 
practically the same slope as the corresponding straight 
line for air in the narrower slot. The difference in the 
behavior of the arc in carbon dioxide in the two cases is 
very surprising, however, and seems to defy explanation. 
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At the lower velocities the wider slot is superior to the 
narrower, but as the arc speed is increased the curve 
flattens out rapidly. With a gradient of only 350 r.m.s. 
volts per centimeter, the arc showed no tendency to go 
out at the highest speeds obtainable with the apparatus. 
Somewhat similar inconsistencies between the are speeds 
in carbon dioxide for the same field in the two slots may 
be noticed in Figs. 8 and 4. Thus, it seems that there 
must be processes taking place in the carbon dioxide 
arc which do not occur with simpler gases. These may 
be related to the chemical decomposition of carbon 

_dioxide mentioned above. ‘The lower values of volts- 
per-centimeter interrupted by the arc in hydrogen for 
the same speeds, and especially the lower value at which 
flattening apparently occurs, seems to indicate the effect 
of proximity of the bounding walls on average ionization 
density at current zero, mentioned in the above discus- 
sion of theory. 

In Fig. 8 is shown the result of a series of experiments 
to determine the manner of recovery of dielectric 
strength with time after current zero for a turbulent arc. 
The arc, of 600 amperes as before, was driven around 
the 1.9 cm. slot in carbon dioxide at an average speed of 
68 meters per second by a d-e. field of 342 gausses. The 
rate of recovery of voltage across the arc electrodes was 
controlled and measured by means of resistance shunts, 
which were adjusted by trial at each of a series of volt- 
ages to the maximum value at which the are would just 
be extinguished at the first current zero, which was made 
to occur at peak generated voltage. The exponential 
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voltage rise curves corresponding to these critical values 
are plotted in the figure. The solid curves were calcu- 
lated from the circuit constants, neglecting distributed 
capacitance and assuming that the voltage started from 
zero instead of negative are voltage. The dotted curve 
was plotted from an actual oscillogram taken at the 
critical conditions for the highest voltage used. The 
envelope of this system of curves must represent the 
instantaneous dielectric strength of the arc space at any 
time after current zero. Of course, the envelope ob- 
tained in this manner cannot be extended all the way to 
zero time, since the effect of the unknown distributed 
capacitances of the circuit becomes appreciable for the 
high-speed transients, preventing accurate plotting of 
voltage rise curves reaching their peak in times of the 
order of ten microseconds, the estimated recovery period 
of the circuit when unshunted. This curve does show, 
however, that the turbulent arc space regains the ability 
to withstand a considerable voltage gradient within a 
time which is less than that permitted by most practical 
circuits in which circuit interrupters are required to 
operate. It also shows that further increase of dielec- 
tric strength following the initial very rapid recovery is 
comparatively slow. This behavior is exactly that 
which would be predicted from Slepian’s theory of the 
deionization at current zero of a long a-c. are subjected 
to turbulent gas flow, as illustrated by Fig. 1. 


III-B. EXPERIMENTS WITH AN EXPULSION FUSE 


Since the experiments described above were all made 
with an artificial arcing structure, it seemed very 
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desirable to study also the extinction characteristics of 
a practical gas-blast device in order to prove or disprove, 
if possible, the validity of the turbulence theory as 
applied to it. For this study, an expulsion fuse, con- 
sisting of a fiber tube 1.6 cm. in inside diameter and 7.6 
em. long, was employed. The tube was closed at one 
end and vented at the other through a hollow electrode. 
The power was supplied in these tests through a bank of six 
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333-kva., 23,000 to 2,300 or 1,150-volt transformers, used 
in series and parallel combinations to obtain various 
secondary voltages. As before, the current was limited 
principally by air-core reactance, 400 amperes (sym- 
metrical short-circuit value) being used in this case. 
By the same method as that employed in obtaining the 
data of Fig. 8, an envelope representing the recovery of 
dielectric strength with time after current zero was 
obtained for the fiber fuse. This is shown in Fig. 9, 
with the curve of Fig. 8 repeated for direct comparison. 
Although the expulsion fuse curve is not quite so flat, 
its general similarity in shape to the upper curve ob- 
tained with the experimental turbulent are device is 
evident. The greater slope of the expulsion fuse curve 
for the first few hundred microseconds after current 
zero may be due to the diluting effect of a continued 
injection of fresh gas from the still decomposing fiber 
walls. The high pressure initially existing within the 
tube will also result in a continuation of the gas-blast 
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after gas generation has ceased, thus continuing the 
scavenging, or sweeping away action. Of course, 
neither of these conditions can exist to an appreciable 
extent in the soapstone slot device. 

Because of the different conditions in the two cases, 
it may not be strictly permissible to make quantitative 
comparisons based on these curves, but the result of 
an attempt to do this may be of some interest. Calcu- 
lations, again omitted for lack of space, indicate that 
the velocity of the gas in the fuse tube is of the same 
order of magnitude as that in the soapstone slot. The 
average arc-voltage gradients during the half-cycles 
were about the same. In the rotating arc case the gas 
may be considered to be practically an equal mixture of 
carbon monoxide and oxygen. The gases generated in 
the fiber fuse, on the other hand, have been shown” to 
be an approximately equal mixture of carbon monoxide 
and hydrogen. In the latter case, however, it seems 
probable that there may have been an appreciable 
quantity of nitrogen-containing air remaining in the 
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tube at the first current zero to counterbalance the 
favorableeffect of the hydrogen. In justice to the fiber- 
tube expulsion fuse, it should be explained that the 
current chosen for these tests is that which gives the 
lowest voltage interrupting capacity’ with a tube of 
this size. 


IV. CONCLUSIONS 


The results of these experiments reveal the following 
facts: 

1. That, in general, the interrupting ability of an 
a-c. arc is greatly improved by turbulent motion of the 
arc gases, thisimprovement increasing, in a fast circuit, 
almost in direct proportion to the gas velocity from 
which the turbulence results. 

2. That the interrupting ability of a turbulent a-e. 
are depends very largely upon the composition of the 
are gases, most gases being decidedly superior to air in 
this respect. 

3. That the recovery of dielectricstrength following 
a current zero by an a-c. are subjected to turbulence 
takes place in two consecutive phases, the first con- 
sisting of a very rapid recovery to a substantial value 
in a few microseconds, and the second of a very much 
slower further recovery for a much longer period, and 

4. That at least one practical gas-blast circuit 
interrupter, the expulsion fuse, exhibits a volt-time 
interruption characteristic which clearly indicates the 
role of gas turbulence in its operation. — 

Conclusions (1), (3) and (4) are entirely in accord 
with the predictions of the theory proposed by Slepian 
and Denault,® and are believed to constitute con- 
vineing proof of the essential correctness of this theory. 
Conclusion (2), which lacks definite theoretical explana- 
tion, disagrees with the observations of some experiment- 
ers,*> and agrees with those of others,'* but the 
experimental fact is well verified, and helps to explain 
the success of many enclosed-are circuit interrupters. 
It is hoped that further results, similar to those from 
which conclusion (4) was drawn, may be obtained for 
ares in other types of gas-blast interrupters. For the 
oil circuit breaker, which is probably the most important 
of such devices, some interesting experimental informa- 
tion recorded by Park and Skeats’* appears to indicate — 
a volt-time recovery curve which is similar in shape to 
those given in the present paper. These results were 
obtained with an ordinary plain-break circuit breaker. 
Additional results presented by Prince and Skeats"t} 
for an explosion pot type of oil breaker, with and with- 
out special contacts, seem to indicate similar character- 
istics, in spite of claims made for an entirely different 
method of are extinction in these cases. Further and . 
more systematic investigation of the volt-time dielectric 
recovery characteristics of ares in oil circuit breakers, 
and in other types of gas-blast devices as well, would © 
seem to be very desirable. Also, an accurate determi- 


*Fig. 14 and accompanying text of their paper. 
tCurves of Fig. 11 on page 511. 
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nation of such curves for times of the order of ten 
microseconds and less after current zero would be of 
considerable interest from the standpoint of theory. 
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Discussion 


THE THEORY OF OIL-BLAST CIRCUIT BREAKERS 
(PRINCE) 


PRACTICAL APPLICATION OF THE OIL-BLAST 
PRINCIPAL OF CIRCUIT INTERRUPTION 
(SPURCK) 
RECENT DEVELOPMENTS IN 
DEVICES 
(VAN SICKLE AND LEEDS) 


EXTINCTION OF A-C. ARCS IN TURBULENT GASES 
(Browne, JR.) 


Philip Sporn: | would like to stress a point that I laid before 
the Institute a year ago, and that is the question of the standard 
duty eyele on breakers. The electrical industry is today paying 
a heavy penalty because of the continuation of the present 
totally inadequate and in many cases disregarded OCO 2-minute 
OCO standard cycle. We found, for example, only a month or 
so ago that one of our own companies was making it a standard 
practise to open up every breaker on its system above a certain 
voltage rating after it had interrupted an are twice under short 
circuit and this was regardless of whether the guarantee of the 
breaker was well above the duty that was being imposed upon 
it. Such practises are bound to exist in many other companies 
and are costing the industry thousands of dollars every year. In 
the light of the data as to the successful performance under 
repeated short-circuit cycles developed during the Philo 1930 
tests and also in view of the data developed in the present papers 
by Messrs. Van Sickle and Leeds and by Mr. Spurck, isn’t it high 
time for the progressive oil switch manufacturers to offer the 
users of oil cireuit breakers a duty cycle that is more consistent 
with actual and economical power system operation, and that 
would not at the same time stress the modern designs to any- 
where near their limits? 


ARC RUPTURING 
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C. L. Fortescue: Some years ago it was felt that circuit 
breakers using the old method of rupturing ares had reached the 
limit of their capacity. We then undertook a fundamental re- 
search on the characteristics of long ares with a view to finding 
out how they were formed and how they could be quenched. 
Dr. Slepian was assigned to this research work and the deion cir- 
cuit breaker and the deion grid oil circuit breaker are part of the 
results of his investigations. 


Some years ago I had the idea that by stabilizing an a-c. are 
through a long path it would go out of itself at zero current so I 
made up two cylindrical choke coils of large diameter and spaced 
them apart on the same axis leaving a small space between them 
for the are chute protecting the choke coil from the are by thick 
plates of asbestos board. The choke coils were arranged so that 
the are itself formed the series connection between the two choke 
coils, one terminal of one choke coil was arranged for connection 
to an 11,000-volt trolley and the other terminal connected to 
ground and the are started by connecting together, with fuse 
wire, the other two terminals which consisted of two small horns 
and the cireuit was closed between the terminal of one choke coil 
and the trolley. The are was then established and as expected 
it stabilized between the two choke coils in the form of a ring but 
much to my surprise it did not go out at zero current as I ex- 
pected. The frequency of the alternating current was 25 cycles 
so that the condition was favorable to deionization of the long 
are. As I recall, the mean diameter of the two coils was about 
three feet so that the length of the are must have been about nine 
and one-half feet. This indicated to me that something besides 
length in the are was required to quench it and this requirement 
is, as Messrs. Browne, Van Sickle and Leeds show, a turbulent 
gas stream across the path of the are which was not present in 
the test. 


Mr. Prince mentions washing away the products of the are and 
in other places he seems to have the idea of interposing a solid 
layer of oil between the arcing electrodes. He presents test data 
to support this point of view, but is not this data just as well 
explained by the fact that the gas formation and its turbulence 
is a function of the velocity by which the oil is introduced into 
the ionized path between electrodes? It would seem to me that 
until the current had approached quite near the zero point any 
oil directed against the are stream would be volatilized even at 
the high pressures produced in the are chamber. Therefore, the 
time left to establish the solid oil barrier would probably not 
exceed 20 or 30 microseconds and this solid barrier even at a 
velocity of 130 ft. per sec., as indicated in Mr. Prince’s paper, 
would not progress more than 0.04 inch, or taking a value of 100 
microseconds, which is believed to be liberal, the solid barrier of 
oil would not have advanced more than 0.134 inch. It is hard 
to see where this can be considered as washing away the products 
of the are. 

In the theory advanced by Dr. Slepian the action suggested 
appeared to be reasonable and we know that are quenching, as 
it takes place in expulsion fuses and the Torok tube, must take 
place in some such manner as explained in Dr. Slepian’s theory. 
Why, therefore, invent a different answer for a different type of 
mechanism? Is it not more reasonable to suppose the quenching 
of the are takes place in the same way in all cases? 

Mr. Browne, I feel, has made tests which support Dr. Slepian’s 
theory very strongly and the successful operation of the deion 
grid, as pointed out in the paper by Messrs. Van Sickle and 
Leeds, in which the action could not be due to interposing a. 
layer of cold oil between the electrodes, further supports this: 
theory. 

Reverting to lightning phenomena, one reason that I have put 
forward for the fact that the lightning currents do not reach 
values high enough to produce serious induced surges is the 
nature of the cloud atmosphere and the difficulty of producing 
ionization therein. Now it is known that the cloud atmosphere 
is in a high degree of turbulence and this, by still further increas- 
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ing the difficulty of ionization, may be a contributing factor in 
restricting the rate of discharge of the thundercloud. 

In the ease of the oil breaker no doubt free electrons are present 
in large quantities in the are stream and the idea of washing away 
the electrons seems to me to be impractical. 

J. B. MacNeill: It seems safe to predict that in the future cir- 
cuit breakers need not be a limitation of system or station de- 
velopment in the way that they were several years ago. Other 
limitations to the capacity concentrated on short circuit at a 
given point must be considered. The general problem before the 
industry of which circuit breaker operation is but one part, is 
that of overall protective system operation. For some time it 
has been realized that the accumulation of time increments on 
large systems to secure selective relay action, provided only in- 
adequate protection. The paper by Goldsborough and Lewis is 
the result of a scientific study of the factors available for selec- 
tive action, and outlines ingenious methods of suiting apparatus 
to the requirements. This paper records a noteworthy contri- 
bution to the high speed relay art for all lengths of lines and with 
dependable high speed operation. 

It would appear that the oil blast device given in the papers by 
Messrs. Prince and Spurck, operating as it does on one end of 
the are, would be most effective for low voltages. However, for 
high voltages in which relatively long ares are obtained, one 
questions the ability of a device operating only on the upper are 
end to exert sufficient effect on the are as a whole, to produce 
effective results. On the other hand, a device such as the deion 
grid interposing successive increments of are rupturing ability as 
the are lengthens, in which the gas formed passes transversely 
across the full are length, impresses one as being better fitted for 
high-voltage circuits. 

If reference is made to Fig. 9 of Mr. T. E. Browne’s paper, there 
will be seen the almost instantaneous restoration of dielectric 
strength in devices of the turbulent gas type. The speed of oscil- 
lation of a high-voltage transformer without shunting lines is 
usually less than 10,000 cycles per second. Such a circuit obtains 
full voltage (14 eycle) in 25 microseconds. Even in this short 
time the turbulent gas device has reached the knee of the curve. 
A 132,000-volt transformer circuit connected to an alternator is 
shown in Fig. 3 of the paper by Messrs. Van Sickle and Leeds, 
and shows approximately 4,300 cycles per second. Approxi- 
mately 60 microseconds are required for 14 cycle of this circuit. 
The advantage of rupturing devices such as deion grids operating 
under this principle, is obvious, especially for high-voltage work, 
over devices which build up dielectric strength only in a straight 
line relation to time for a considerable period. 

T. E. Browne, Jr.: In the paper presented by Messrs. Van 
Sickle and Leeds, one of the most interesting facts from the 
standpoint of fundamental theory is that revealed by comparison 
of the curves showing reduction of are energy with those showing 
the corresponding reduction in arcing time. As stated by the 
authors, the smaller are energy with deion grids as compared with 
plain breaks results from an actual reduction in arc voltage as well 
as from the reduction in time duration of the are. This is brought 
out most foreefully in the case of the lower-voltage power-house 
breakers, where, for example, Fig. 14 shows that at 30,000 am- 
peres the application of deion grids effected a reduction in are 
energy of approximately 50 per cent, while the corresponding 
reduction in arcing time, as shown by Fig. 13, is roughly only 20 
per cent. The 30 per cent discrepancy obviously must be due 
to reduction in are voltage resulting from diminished total length 
of the are when controlled by the grids. In spite of this reduc- 
tion in overall length and voltage, the shorter are, since it is 
subjected to a so much more effective turbulent gas blast, is able 
to interrupt the circuit at current zero just as certainly as is the 
longer less-efficient unconfined are. 

This is further practical evidence of the fact, brought out by 
the experiments described in my paper, that the effect of turbu- 
lent gas flow on a confined are is to cause it to approach very 
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close to the ideal a-c. circuit interrupting agent, which, as pointed 
out by Dr. Slepian and others, should be able to carry the eur- 
rent with negligible power loss during the half-cyele and then 
change over instai.tly at a normal current zero from a good con- 
ductor to an adequate insulator. It is noteworthy that these 
desirable characteristics are almost completely attained in the 
gaseous are space of the deion grids by gas-blast action alone. 

The oil-blast theory of circuit interruption, presented by Mr. 
Prince, has been of great interest to me since it was first proposed 
a year ago. After carefully studying the exposition of the theory 
and the supporting evidence presented at that time and added to 
at frequent intervals since, as well as the present paper, I find 
it, however, quite impossible to agree with Mr. Prince’s con- 
clusion that the theory is “unquestionably” valid, either for the 
so-called impulse type, or any other existing kind of breaker. For 
example, all of the data presented in this paper appear to me to 
be either inconclusive or actually at variance with the oil-blast 
theory. In Fig. 1, as a first instance, it is shown that the impulse 
strength of good and of poor oil approaches equality only for 
times of the order of one microsecond or less, and that for a surge 
period of 100 microseconds or more, shown to exist in all practi- 
cal high-voltage circuits so far investigated, the difference be- 
comes of the order of two and one-half to one, which it would 
seem ought to make itself apparent in any careful series of tests 
if the behavior of the breaker actually does depend directly and 
quantitatively upon the dielectric strength of liquid oil, as stated. 
If, however, the action of the breaker should depend upon the 
dielectric strength of gases resulting from decomposition of oil, 
it is clear that the lack of relation between oil quality and breaker 
performance actually observed is entirely plausible. 

In the case of Fig. 2, showing rate of rise of circuit voltage as a 
function of necessary oil velocity, it is difficult to understand 
why, on the basis of the data, that the curve separating the points 
representing failures from those representing successful opera- 
tions should have been drawn as a straight line through the 
origin. Although the wide scattering of the failure points would 
make the definite location of any curve drawn as a boundary to 
them doubtful, a curve that is coneave upward and passes 
through the Y axis of zero oil velocity at a recovery rate of about 
150 volts per microsecond would seem to fit the cross-marked 
points much more closely. This critical rate of rise of voltage of 
150 per microsecond is no doubt about right for the plain-break 
oil cireuit breaker, which Mr. Prince’s impulse breaker would be 
at zero oil velocity. It is exceedingly common knowledge that a 
plain-break oil breaker is, and has always been, able to interrupt 
high-voltage circuits having rates of voltage rise which are cer- 
tainly far in excess of zero. Conceding, however, that there is 
indicated a certain amount of general correlation between critical 
circuit speed and oil velocity, it still remains true that such corre- 
lation is to be expected on the basis of either a ‘‘solid”’ oil or a 
gas-blast theory, since the constriction of the are and the in- 
tensity of the gas blast must also increase with the increasing 
oil velocity, making this figure of little value in comparing the 
two theories. 


In Figs. 3 and 4, where the same data used in Fig. 2 are re- 
plotted with voltage and current as respective ordinates, it is 
also difficult to understand why any existing correlation between 
these quantities and oil velocity should be expected to show itself, 
in view of the wide range of circuit speeds represented, after cir- 
cuit speed had just been shown in Fig. 2 to be a controlling factor. 
Even so, the difference between these two figures, in which lines 
are omitted, and Fig. 2 in which the line is drawn, is not impres- 
sive. In any case, would it not be necessary, in order to prove or 
disprove correlation between any one of the three variables (cur- 
rent, voltage and circuit speed) and oil velocity, to hold the other 
two variables constant? 

With regard to Fig. 7, where rate of voltage rise is plotted 
against oil pressure in an explosion pot, the same general com- 
ments made in Fig. 2 may be repeated, including the observa- 
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tion that a certain degree of correlation is to be expected on the 
basis of either an oil-blast or a gas-blast theory. 

The moving-picture photographs reproduced in Fig. 8 from an 
earlier article, and taken, as Mr. Prince says, ‘“‘in an attempt to 
satisfy pardonable skepticism,’”’ seem to me to have just as much, 
or as little, to do with the fundamental question of what happens 
at current zero, as do previous much clearer diagrams of events 
taking place at these other less important moments. I do not 
believe that the eventual replacement of are gases by liquid oil 
after extinction of the are in any oil circuit breaker has ever been 
seriously questioned. The question is: ‘‘How soon after?” 

In summing up this so-called “‘relevant’’ information on which 
his conclusion is based, it seems to me that Mr. Prince has over- 
looked some data which are far more relevant than any presented 
in his current paper. These are the data of Fig. 11 in the oil- 
blast paper by Messrs. Prince and Skeats presented last year. 
In this figure the results of field tests on a 132,000-volt, 600-am- 
pere explosion-pot breaker, both with and without oil-blast con- 
tacts, were presented in terms of inches of are required to interrupt 
the circuit as a function of calculated circuit recovery time. In 
order to reduce these curves to the more fundamental form of 
interrupted-voltage gradient, or average dielectric strength of 
the are, against time, they have been replotted in the aecompany- 
. ing Fig. 1 with ordinates equal to the circuit voltage divided by 
the original ordinates (inches of are), giving the effective dielec- 
tric strength of the are space after current zero in volts per inch. 
The similarity between these curves and corresponding curves 
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for two admittedly gas-blast devices, as shown in Figs. 8 and 9 
of my paper, is immediately evident. Study of similar data pre- 
sented two years ago by Messrs. Park and Skeats reveals the 
demonstration of generally similar characteristics for another 
explosion-pot breaker and for a plain-break oil circuit breaker as 
well. Specifically, I should like to ask Mr. Prince why, if his 
hypothetical constantly-growing oil film is able to attain a thick- 
ness sufficient to produce the dielectric strength indicated for the 
oil-blast contacts in the extremely short time of 60 microseconds, 
that it does not continue to grow at at least this rate so as to 
obtain a further gain in effective dielectric strength of the order of 
30,000 per cent after 2,000 microseconds, nearly one-eighth of a 
eycle later, instead of the mere 75 per cent increase actually 
observed? 

In conclusion, I should like respectfully to submit three 
general reasons why it is impossible for me to agree with Mr. 
Prinee’s conclusions: 

1. As pointed out repeatedly by Dr. Slepian, no detailed pic- 
ture, capable of surviving critical analysis, of the mechanics by 
which his oil-film may be formed has yet been presented or dis- 
covered. 

2. All of the data so far presented in support of the oil-blast 
theory seem to be preponderantly in favor, rather, of the gas- 
blast. theory. 

3. That the oil-film hypothesis is quite unnecessary, since it 
has been proven by laboratory results and by practical demon- 
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stration with deion grids as well, that the properties of a turbu- 
lent are, such as is bound to exist in the oil-blast circuit breaker, 
are adequate to explain the breaker’s behavior. 

R.C. Van Sickle and W. M. Leeds: The realization that the 
gases produced in an oil circuit breaker, formerly considered 
merely a necessary evil, may actually be utilized to great advan- 
tage in the extinction of a-c. ares, has brought about radical 
changes in circuit breaker construction. Mr. Browne has shown 
in his paper that the interrupting ability of a circuit breaking de- 
vice is dependent among other things on two factors: first, the 
degree of turbulence of the are gases, and second, the particular 
composition of these gases. In the deion grid construction, a very 
high degree of turbulence is obtained by drawing the arc in a nar- 
row slot and directing the gases as a horizontal blast through the 
are stream. If it were necessary to sweep the ionized gas particles 
a distance of several inches to prevent reignition of the are at a 
current zero, a tremendous velocity would be required to accom- 
plish this in the few microseconds available. However, Mr. 
Browne has brought out the fact that the turbulent condition of 
the are just previous to a current zero is responsible for an ex- 
tremely high initial rate of recovery of dielectric strength. When 
interrupting circuits with unusually fast-rising recovery voltages, 
this phase of the extinction process apparently determines whether 
the are will be reestablished or not, and the complete removal of 
ionized particles by the motion of gas or oil volumes becomes a 
matter of secondary importance. 

The gases produced by the decomposition of circuit breaker oil 
during the are rupturing process have been analyzed by many 
investigators and found to contain approximately 70 per cent 
hydrogen. In view of the marked superiority in interrupting 
ability shown by hydrogen over air and other gases used in 
Browne’s experiments, it is evident that the use of oil in an are 
rupturing device, in addition to advantages of insulation and cool- 
ing, provides a supply of gas which as an extinguishing medium is 
much better than other common gases. 

In comparing the results obtained with Mr. Browne’s experi- 
mental structure and with deion grids certain differences in the 
functioning of the two devices should be pointed out. In Mr. 
Browne’s device, the are is driven around a circular path at high 
velocity by magnetic means so that the are passes a given point 
in the gas many times at very short time intervals during which 
the gas does not have time to become completely deionized. The 
successive passages of the are build up a state of moderate ioniza- 
tion in the gas. However, in the deion grid, relative motion is 
produced by holding the are more or less stationary and direct- 
ing a rapid turbulent flow of gas transversely through it. This 
gas is produced from the decomposition of the oil adjacent the 
are and is initially un-ionized. Furthermore, after passing through 
the are stream, this gas is discharged from the grid and not used 
again. Itis thus evident that the rate of rise of recovery of dielec- 
tric strength is more rapid in both the initial and later stages, 
due to the lower density of ionization in the space surrounding 
the are as the current approaches zero and to the dilution by 
fresh un-ionized gas after zero. 

These differences may explain why the recovery voltage gra- 
dients of deion grids are higher than those obtained by Mr. 
Browne on his experimental device. 

J. Slepian: Two years ago, in the closing discussion on my 
paper, ‘‘Extinetion of Long A-C. Ares,” Trans. A.I.E.E. V. 49, p. 
445, 1930, in commenting upon the suggestion of Mr. Prince that 
circuits might be interrupted by “whisking the are products 
away,” I found it necessary to point out that contrary to general 
impression, the are in circuit interrupters performs necessary and 
useful functions and that ‘‘whisking it away,” if it were really 
accomplished, would have serious and unpleasant consequences, 
unless other means were provided to take over the functions 
normally exercised by the are. It seems necessary to expound 
briefly upon this point again, since the significance of this matter 
does not seem to have been grasped by the proponents of the oil 
film theory of operation of practical oil circuit breakers. 
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The useful function of the are may be seen by considering what 
would happen if an are did not form spontaneously upon separat- 
ing a pair of contacts in a power circuit. If the are did not form, 
then at the moment of separation of the contacts the current 
would necessarily at once drop to zero. Such an instantaneous 
reduction of the current to zero would induce disastrously high 
voltages in the circuit. But it may be suggested, why not sepa- 
rate the contacts at a moment of current zero when no high 
voltages will be induced? This would be an excellent suggestion 
if the electromechanical problem of synchronizing the separation 
of the contacts with the current zero was not so extraordinarily 
difficult to solve. Consider the complicated and variable rela- 
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tions which govern the moment of reaching the current zero in a 
circuit, and which would make it impossible to start going the 
contact separating mechanism much ahead of the current zero. 
Consider the enormous force necessary to accelerate and get 
going the contact separating mechanism in so short a time. Con- 
sider the difficulty of controlling this force so exactly as to 
synchronize with a normal current zero within a few micro- 
seconds. Remember that when dealing with such short time 
phenomena bars, ordinarily thought of as rigid, are annoyingly 
flexible, and fluids such as oil are highly compressible. 

The are relieves us of these difficulties. We separate the con- 
tacts when we please and the are permits the current to continue 
to flow so that no high voltages are induced. Then, of itself, in a 
well designed switch of course, the are seizes upon a moment of 
current zero for changing from conductor to insulator, thus open- 
ing the circuit without the induction of high voltage. Thus no 
mechanical synchronization with current zero is required. The 
are of itself performs this synchronizing function for us so that 
circuit breakers using ares are in practical operation everywhere 
without causing damage to other electrical apparatus. 

The problem of improving circuit interrupters is not one of 
getting rid of, annihilating or “whisking away” ares, but of using 


BROWNE: EXTINCTION OF A-C. ARCS IN TURBULENT GASES 


Transactions A. I. KE. E. 


ares more efficiently and particularly using more effectively the 
inherent capacity of the are for interrupting circuits synchro- 
nously with a normal current zero. Mr. Prince, who separates 
his contacts at a random time, admittedly uses an are up to a 
moment of current zero, but just at the moment when the are is 
ready to work for him and interrupt the cireuit, he aspires to 
drive the are away and interpose a growing film of oil between 
the contacts. However, and fortunately, the means he uses are 
inadequate to form such an oil barrier at any time, let alone syn- 
chronously with current zero, so that even in his breakers the 
are interrupts the circuit. 

It is possible to intensify the mechanical means which Mr. 
Prince uses so that they will cause a barrier of oil to be interposed 
between the separating contacts and interrupt the are but the 
mere intensification of these means cannot cause them to form a 
barrier at current zero, and refrain from forming it at any other 
time. Fig. 2 in this discussion shows a circuit breaker made and 
tested many years ago by W. L. Chubb, which used means simi- 
lar to those proposed by Prince. The actuating means, however, 
which was a sledge hammer blow upon the small piston, was so 
much more powerful and effective that an oil film really was 
interposed between the electrodes, squeezing out the are. But 
as the lightning arresters indicated in the figure show, high 
voltages were expected and were obtained since there was no 
synchronization of the formation of the oil barrier with a normal 
eurrent zero. 

The discussion of Mr. Prince’s paper is made difficult because 
results, even those which he states are the most convincing, are 
given without supporting data, but references are given to brief 
articles in other journals. Looking these up, we find that suffi- 
cient description of his test methods and methods of calculation 
are not given to permit any critical estimate of their validity, and 
there is the further difficulty that frequently reports of results of 
the same tests are mutually contradictory. But waiving these 
objections, when subjected to a moderately careful inspection, 
the results which Mr. Prince presents wholly fail to support any 
of the conelusions which he draws. The following criticisms are 
numbered so that none may be inadvertently overlooked. 

1. Although it is the fundamental problem of the oil blast 
theory, neither in this paper, nor in the paper of last year is any 
detailed attention given to the hydro-mechanical problem of syn- 
chronous formation of the growing ‘‘solid oil’’ barrier. Nowhere 
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in the present paper is it stated just where in the oil the velocity 
occurs which is used as the abscissas of Figs. 2, 3 and 4, although 
in the next to the last paragraph of the paper it is stated that 
these curves are the most convincing evidence which the author 
offers. 

la. In thereference No. 2 which Mr. Prince cites and from which 
the data for these figures are taken, a diagram is shown, repro- 
duced here as Fig. 3, in which it is suggested that the velocity 
in question is the mean velocity over a section of the passage 
leading up to the are. The velocity is calculated from the motion 
of the piston without considering the influence of the compressi- 
bility of the oil which must be an important factor when the free 
surfaces a-a are so violently accelerated. 
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1b. The obstructing film is said to form by the uniform motion 
of the free surfaces a-a with the calculated velocity used in Figs. 
2,3and4. But when actual fluids possessing some viscosity flow 
through passages, the velocity next to a bounding wall is generally 
accepted as being zero, taking on larger values away from the wall 
following a parabolic relationship with distance from the wall. 
Hence the initial rate of growth of the obstructing film at the 
cone tip must be zero irrespective of the mean velocity of the oil. 

le. Waiving the objection of (1b), the rate of growth of the 
obstructing film at the cone tip will be equal to the ‘‘oil velocity”’ 
divided by the sine of 14 the conical angle made by the free sur- 
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face a-a. Hence when this angle is small the necessary rate of 
growth of the film should be obtainable with very low oil velocity. 
No. discussion is given in the reference cited by Mr. Prince as to 
what determines this angle. In his closing discussion last year, 
Trans. A.I.E.E. V. 50, p. 529, Mr. Prince, in order to account for 
the greater interrupting capacity of long ares in oil blast breakers, 
suggests that for long ares the angle is smaller. It wouJd seem 
equally plausible that for small current ares this angle should be 
small. Hence it would seem that for long ares and small currents 
in circuits of the same speed, smaller ‘‘oil velocities’? would be 
necessary. But this contradicts the conclusions which Mr. Prince 
draws from his Figs. 2, 3 and 4. 

1d. No explanation is given why the free surface a-a happens 
to be at just the right place at current zero to start forming im- 
mediately the obstructing film. It may be suggested that long 
before the current zero, the surface a-a exists at the proper posi- 
tion with oil rushing up perpendicularly to the surface with the 
supposed high velocity, but with the oil being decomposed by the 
are as fast as it crosses the surfaces. But with oil coming up with 
a velocity of 100 ft. per sec., and being decomposed, approxi- 
mately 20,000 liters of gas at atmospheric pressure and tempera- 
ture would form per second or about 200 liters per half cycle, for 
a single square inch of surface a-a. This is 10 to 100 times as 
great as the whole volume of gas usually formed in a complete 
circuit breaker operation. The electrical energy which the are 
would need to receive to decompose oil at this rate would be 
enormous, so that a high are voltage would be necessary to keep 
the arc going. Since the high voltage is not available from the 
circuit, this is another way of saying that the are will not be able 
to keep back the advancing oil surfaces, but that it will be 
squeezed out with development of high voltages. This same 
argument applies against the oil having a large perpendicular 
velocity to any surface abutting on the are and being kept from 
closing in on the are by the decomposition of the oil. If the 
surfaces are kept from closing in by the gas pressure at the are, 
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then of course, they cannot have the high velocity which Mr. 
Prince states is necessary. Hence, if surfaces do exist, closing 
in on the are with high velocity, there is no reason why their 
closing in and final cutting off of the are should be synchronous 
with a normal current zero. 

le. In his paper of last year, Trans. A.I.E.E. V. 50, p. 508, 
Mr. Prince says of the oil adjacent to the are, it ‘‘exists alongside 
it without mixing”’ and thus suggests that the velocity is tangen- 
tial to the surface abutting the are. But such a tangential ve- 
locity cannot contribute to the growth of an obstructing film and 
therefore there should be no relation between such a velocity and 
the interrupting capacity, in contradiction to the conclusions 
which Mr. Prince draws from his Figs. 2, 3 and 4. 

2. We come now to the data shown in his Figs. 2, 3 and 4, 
which Mr. Prince regards as the most convincing proofs of his 
ideas. From these curves Mr. Prince deduces that are extinction 
depends upon the relation between the circuit recovery voltage 
rate and oil velocity alone. Since Mr. Prince gives no account 
here of the experiments from which these data were taken, it is 
necessary to consult the reference No. 2 cited by him. 

2a. In (la) and (1b) I have pointed out that the calculated 
velocity used by Mr. Prince in these curves corresponds to no 
real velocity in the oil. 

2b. In (1c) I have pointed out that according to Mr. Prince 
himself, for a given ‘‘oil velocity’? the rate of formation of ob- 
structing film should be greater for long ares and by a similar 
argument, for small currents, and therefore is not a function of 
the oil velocity alone. There is no unique relationship between 
the rate of growth of an oil barrier and the oil velocity. 

2c. The rates of voltage rise in the various circuits are given 
as calculated from high frequency measurements, but no exam- 
ples of these calculations are given, so that they may be critically 
examined. 

2d. The rate of voltage rise just after current zero in one and 
the same circuit will vary widely, depending on the point of the 
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voltage wave at which the circuit was closed. No account seems 
to have been taken of this factor. 

2e. For those points marked as failures, was the are extin- 
guished at a later zero? If so, were those are extinctions marked 
as successful in Figs. 2,3 and 4? If not, why not? 

3. Examining the data of Fig. 10 of the reference cited by 
Mr. Prince, covering supposedly the same tests as Figs. 2, 3 and 


‘4 of this paper, the contention that the condition for interruption 


is independent of. the voltage of the circuit tested is not sup- 
ported. This may be seen by separating the data for the 13,200- 
volt, 6,600-volt and 3,800-volt connections as I have done in my 


196 
Figs. 4, 5 and 6 of this discussion. In these figures the straight 
line of ‘55 kv. per 1/10 inch”’ has been drawn in. 

3a. In my Fig. 4, a curved line would fit the data better than 
the straight one shown, but there is not a sufficiently dense region 
of complete failures to draw any curve with any confidence. 

3b. From my Fig. 5, no limiting curve can be drawn whatso- 
ever. The data therefore give no information whatsoever as to 
whether the oil velocity required for a given cireuit speed is the 
same for 6,600 volts as at 13,200 volts. Why are not data given 
for oil velocities less than 60 ft. per sec., and so little data for 
circuit speeds of more than 450 volts per microsecond since the 
eurves of Fig. 9, of the cited reference, show that such speeds 
were readily obtainable? 
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3c. Frem my Fig. 6, we can at most conclude that the limiting 
curve has one point in common with the ‘55 kv. per 1/10 inch”’ 
line, and even this conclusion seems hardly justifiable with the 
small amount of data shown. Again, why are not data for higher 
cireuit speeds than 425 volts per microsecond given, since, ac- 
cording to Fig. 9 of the cited reference, such speeds were readily 
obtainable. 

3d. In the reference cited by Mr. Prince, it is stated some 400 
tests were made. Fig. 10 in the cited reference shows only 186 
points. In the present paper it states that all the tests made are 
plotted in Fig. 2, but this figure shows only 121 points. 

3e. Contradictions exist between points marked as successful 
and failures in Figs. 10 and 11, of the cited reference and Fig. 2 
of this paper. In whatever way these contradictions are straight- 
ened out the statements of (8a), (3b) and (8c) do not seem to be 
affected. 

3f. Fig. 3 of the paper shows data at circuit voltages not 
mentioned in the paper in the cited reference. 

3g. In Fig. 3 the points of the 12,000-volt test do not show lack 
of correlation. The points of the 10,000-volt test do not show 
lack of correlation. The points of the 6,600-volt test show as 
good correlation as the points of Fig. 2. The points of the 3,800- 
volt test are not shown in Fig. 3. When plotted they show 
perfect correlation. 

3h. The points of Fig. 4 of Mr. Prince’s paper determine a 
curve as well (or as poorly) as the points of Fig. 2. 

4. At the bottom of page 168, referring to Fig. 5,it is stated that 
in the plain explosion chamber the are is uniformly extinguished 
at the throat. This is glaringly contradicted by Fig. 9 of the 
paper by Spurck and Strang, Trans. A.I.E.E., V. 50, p. 519. 

5. At the top of page 169, Fig. 6 and text, it is stated that tests 
with multiple throat explosion chamber support the oil blast 
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theory of operation. Data are not given which will permit critical 
examination of this conclusion. 

6. Again, on page 169, tests in a narrow slot are said to support 
the oil blast theory, but data are not given which will permit 
critical examination of this conclusion. 

7. From the bubble size in Fig. 9, it should be possible to com- 
pute the velocity of the oil flowing out of the chamber. It would 
be interesting to know this figure. 

8. On the top of page 170, what is meant by “‘the arc is clearly 
subjected to violent washing action’? Is it possible that this is 
another way of saying that there is a ‘‘turbulent inmixing of 
freshly generated gas’’. 

J. J. Torok and A. M. Opsahl: Mr. Browne’s treatment of 
the expulsion fuse is very interesting and certainly bears out the 
theory of the turbulent gases. Some time ago in developing the 
deion flashover protectors we conducted a large number of experi- 
ments on extinguishing aresin fiber tubes. The early experiments 
on this device were reported in a paper Experimental Lightning 
Protector for Insulators, presented at the Winter Convention 1931. 
It occurred to us that since gas blast within the tube was caused 
by the decomposition of the fiber, that the wasting away of the 
fiber could materially be checked or reduced if the fiber could be 
impregnated with some substance that would volatilize at a lower 
value than the fiber. At the same time we were also concerned 
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with another theory which was based upon the condensation of 
moisture within the chamber. This condensation of moisture 
formed droplets within the tube and thus materially increased the 
surface on which ions could be collected. 

In some of these tests we wetted the inner wall of the fiber tube 
with water prior to each test. The results were somewhat star- 
tling. We found that the wasting away of the fiber was reduced 
to about one sixth of its former value. The voltage which could 
be interrupted on succeeding shots was raised appreciably. 

The general conclusions of these tests were that the moisture 
content of the side walls of the fiber tubes materially improved 
the operating characteristics of the fiber tube. Thus from the 
electrical interrupting standpoint it is not harmful for the fiber 
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tube to be left open to the atmosphere especially where moisture 
might be collected. 

In applying this to service conditions it is not desirable to have 
a stream of water flowing through the bore of the tube during a 
rainstorm so that it is essential to either close the upper end or 
properly shield it. The methods of so doing are illustrated in 
Figs. 7 and 8. In Fig. 9 the top is vented in such a manner that 
rain cannot go in directly and the gases will be directed so that 
they will not come in contact with live parts and thus cause 
secondary flashover. In Fig. 7 the top is completely closed leav- 
ing only the bottom open. 
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Of about 1,000 such units put in the field during 1931, the 
operations that have been reported were successful. Further 
years of service will yield information as to the relative severity 
of the duty on the tubes in the field and in the laboratory. 

W.A. Hillebrand: The curves presented by Mr. Browne con- 
firm earlier experience with the Poulsen radio are transmitter, 
which consists of a d-c. are, generally between carbon and copper 
electrodes, in an atmosphere of hydrogen, with a magnetic blow- 
out. But for the accidental application by Valdemar Poulsen 
_ about 1905 of an atmosphere of hydrogen to the singing arc, the 
transmitter that bears his name might not have been developed. 

The magnetic blow-out functions as a switch to interrupt the 
are at radio frequency. Since 1920 there has been in operation an 
are transmitter of this type that, hour after hour, regularly inter- 
rupts a thousand kilowatts of energy at the are terminals. This, 
it should be noted, is a quantity quite different from the rated 
interrupting capacity of a cireuit breaker. The rate of current 
interruption varies from 10,000 to 20,000 times per second. 
Unfortunately for the practical application of this device to 
circuit breaker work, a magnetic field of the requisite intensity 
requires a magnet frame weighing in the order of 50 tons. 

Reference has been made to the fact that hydrogen is a princi- 
pal constituent of the gases liberated when an arc takes place 
under oil. In the Poulsen transmitter the hydrogen atmosphere 
was often produced by the decomposition of a liquid hydrocarbon 
allowed to fall drop by drop upon the are flame. 

Mr. Browne states that the difference between the curves of 
Fig. 6 for oxygen and nitrogen cannot be explained by any differ- 
ence between their molecular weights. I would like to offer as a 
possible contributing cause the fact that free electrons can exist 
in an atmosphere of nitrogen but not in an atmosphere of oxygen. 
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D. C. Prince: Dr. Slepian and Mr. T. H. Browne, Jr. have 
contributed most of the discussion relative to theory. Mr. 
Browne is interested in the relative merits of oil-blast and gas- 
blast whereas Dr. Slepian bases his discussion on the relative 
accuracy of a deionization theory as compared with the oil-blast 
theory. In gas circuit interrupting devices such as Mr. Browne 
has used, the active agent should be a gas blast of sufficient ve- 
locity to displace the are products by an insulating medium, in 
his ease cool un-ionized gas. In an oil circuit breaker advantage 
is taken of the fact that oil dielectric strength is of the order of 
ten times that of gas. 


Dr. Slepian has quoted correctly the phrase, ‘‘whisking are 
products away,” but then attacked ‘“‘whisking away ares.’’ There 
is no difference of opinion on the undesirability of trying to break 
a heavy current are when by waiting less than one hundredth of a 
second, it can be broken at a current zero. 


On account of the volume of matter represented by the ‘‘sup- 
porting data’’ requested by Dr. Slepian, its publication is out of 
the question. In writing our paper pertinent factors have been 
taken into consideration in making calculations and no data have 
been withheld which if presented would support a different con- 
clusion (omitted points were mostly surplus successful operations 
in the region of greatest density of points). Curves plotted have 
represented the best available engineering judgment. 

When a steel structure is to be designed, an engineer calculates 
all stresses and multiplies by a factor of safety which may be two, 
five or more. He then selects a structural section for which tests 
give a sufficient elastic limit or ultimate strength. Engineering 
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judgment may vary the factor of safety but quantitative figures 
for the stress to be encountered and the physical properties of the 
steel must be available. The same thing is true of the design and 
application of oil circuit breakers. Wide changesin duty, as shown 
by such tests as those at Philo, are not measured in kva. but in 
recovery rate. The oil-blast theory takes these new factors 
quantitatively into account. Measurements can be made and 
calculations based upon them. Factors of safety may be selected 
as engineering judgment dictates. The theory may ultimately be 
shown to be in error just as Newton’s gravitational theory has 
been found to be in error, but it will have served its purpose. 
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Synopsis.—This paper describes a bridge that is adapted to 
making dielectric measurements of cables whose sheaths are in 
electrical contact with the ground. A balance to adjust the bridge to 
the system losses to ground is first made with the test cable discon- 
nected; the bridge is then balanced with the test cable connected. The 
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cable properties such as power loss, power factor and capacitance are 
then determined directly from this bridge balance. Certain pre- 
cautions, however, are necessary such as the method of substituting 
the test cable in circuit and the elimination of the ground currents 
which may come from the low-voltage system. 


INTRODUCTION 


RECISION bridge methods are now available for 
P the dielectric properties of cables when the current 
through the dielectric can be conducted directly 
from the sheath to the measuring apparatus. These 
methods however cannot as a rule be applied to cables 
whose sheaths are in electrical contact with the ground. 
There is one methodt in which a bridge measurement of 
all the system losses is first made with the test cable 
disconnected; a second bridge measurement is then 
made with the test cable in circuit. The difference in 
the power measurements gives presumably the power 
loss in the cable dielectric. This method does not give 
directly the electrical properties of the cable (power, 
power factor, capacitance). Also, unless special pre- 
cautions are taken, the connecting of the cable to the 
system may cause a change in the ground currents other 
than that of the cable under test. The authors have 
developed a bridge method which measures directly and 
with a high degree of precision the values of the electri- 
cal properties of the test cable. 


GROUNDED-BRIDGE METHOD 


A simplified diagram of the method is shown in Fig. 1. 
The cable to be tested is shown as C;. The transformer 
case is shown as being insulated from ground. This is 
not necessary, but is preferable in that all loss currents 
from windings to case return immediately to the high- 
voltage winding thus reducing the loss currents through 
the ground which must. be compensated by the bridge. 
C; is a high-voltage condenser having a capacitance of a 
few hundred micro-microfarads. At any particular 
voltage setting, its capacitance and losses should 
remain substantially constant during the time required 
for making a measurement. In our measurements we 
used a 10-ft. length of high-voltage cable having a 
capacitance of the order of 800 uuf. It is desirable 
that this capacitance should be of such magnitude that 
its charging current is at least somewhat larger than the 


*Assoc. Prof. of Elec. Engg., Harvard University. 

tResearch Associate in Elec. Engg., Harvard University. 

tThis method is in use at the Commonwealth Edison Company 
for measuring the characteristics of experimental 1,000-ft. 
lengths of 76-kv. (to ground) cables under life test. 

Presented at the Winter Convention of the A.I.E.E., New York, 
N.Y., January 25-29, 1932. 


stray charging and loss currents from the system to 
ground. M is a mutual inductance; R, and Ry» are 
ordinary variable resistance decades. C; is a fixed 
standard air condenser such as is used with the usual 
high-voltage bridge. C2, M and R, constitute branch 
A of the bridge; C; and FR, constitute branch B of the 
bridge. JL is a calibrated variometer (self-inductance) 
and Ff; is a variable resistance decade. JL and R; are 
connected in series between the cable sheath (ground) 
and the low-voltage end of the high-side winding of the 
transformer. C;, LZ and R; constitute branch C of the 
bridge. 

One terminal of the secondary of M is grounded at b 
and the detector D is connected between the ground 
and point a at the junction of R, and C;. The detector 
D is a tuned magnetic-vane galvanometer and has 
already been described.1 


1—SImp.iFieD DIAGRAM OF GROUNDED BRIDGE 
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Switches S,; and S. are in the high- and low-voltage 
wires which connect the cable to be measured to the 
bridge terminals. In making the measurements 
switches S; and S:2 are first opened. This isolates the 
cable from the rest of the system except through the 
ground connection and gives a bridge, the two branches 
of which are A and B. This bridge is of the same type 
that has been in use in our laboratories for some time! 
past except that the secondary of the mutual inductance 
M and the detector D are now grounded at 6. The 
bridge is then balanced by varying M and R,. All the 
loss currents of the system to ground must flow to point 
b and return to the transformer through the secondary 
of the mutual inductance M. Hence this balance does 
not depend on the dielectric characteristics of C, alone 


1. For references see Bibliography. 
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but rather on the characteristics of C. in combination 
with all stray capacitances and leakances to ground. 
Moreover, since current flows in the secondary of M, its 
reading cannot be used for computing the power factor 
of C. or C2 in conjunction with the system impedance to 
ground. 

After this balance has been made, switches S; and S, 
are closed, thus connecting the cable C; between the 
high-voltage side of the bridge and ground and also the 
variable self-inductance L and resistance R; in series, 
between ground and the low-voltage end of the trans- 
former winding. Were S, alone closed, all the cable 
current must flow from the cable sheath to ground and 
leave the ground at 6 to return to the transformer wind- 
ing through the secondary of the mutual inductance M. 
In so doing this current must disturb the bridge balance 
already obtained. If the system losses to ground have 
not been changed by the closing of switch S,, the original 
bridge balance can only be restored when none of the 
current through C; returns to the transformer through 
M. Obviously this condition is realized only when all 
the current through C; flows through L and R;. By 
closing switch S, and making proper adjustment of L 
and R;, this condition may be realized and is indicated 
by the detector D again reading zero. The bridge 
formed by branches B and C will be recognized as the 
Wien modification of the Maxwell Bridge.* 

The operation of the bridge may also be regarded 
from the point of view that since point a has already 
been brought to ground potential when the detector 
again reads zero, no difference of potential exists be- 
tween the ground connection at 6 and the cable sheath 
of C;; hence no current flows between these two points, 
and the current in L and R; must be the same as that in 
the cable. 

Under the foregoing conditions of balance, the current 
in Land R; is the same as that in C; and 


Cs R; 
= 1 
C, R. (very nearly) (1) 
The power factor 
L 
Power factor = = (2) 


R; includes the resistance of the variometer L. A 
self-inductance may be substituted for M and the 
ground made at the low-voltage plate of C.. However, a 
mutual inductance is particularly well adapted to this 
ground connection since the stray impedances to ground 
may require either a positive or a negative phase dis- 
placement for balance, and with mutual inductance, 
both are obtained equally well. It will be noted that 
arm A of this bridge acts almost in the same manner as 
the well-known Wagner ground.? 


LIMITATION OF BRIDGE TYPES 


The types of bridge which may be used for this 
method of cable measurement are limited since for each 
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measurement the branch B of the bridge must remain 
invariable and the cable sheath of C; must be connected 
directly to the detector. The first limitation precludes 
the use of the Schering Bridge®* in which the balance 
is effected by varying FR; and a condenser shunted about 
k,. The second limitation makes it undesirable to use 
the Heaviside Bridge of the mutual inductance type! 
since in the simplest form of this bridge the primary of 
the mutual inductance is in series with the cable sheath 
of Cs 


GUARDING AND SHIELDING 


The usual guarding and shielding which are neces- 
sary in high-voltage, low power-factor measurements 
must be used with this bridge. Also, further precautions 
are necessary to prevent change of system losses to 
ground when the cable C; is switched in circuit. 

Although no measurement of cable C; is made, guard 
rings at its ends are desirable to prevent end discharges 
disturbing the galvanometer balance. These guard 
rings need not be balanced to sheath potential but may 
be connected directly to the low-voltage end of the 
transformer winding as shown in Fig. 2, which gives the 


2—DsrTaILteED DIAGRAM OF GROUNDED BRIDGE 


Fre: 


complete diagram of connections. As is customary in 
conventional bridge methods the low-voltage plate of 
the air condenser C, and the leads connecting thereto 
must be shielded and the shielding brought to the po- 
tential of the low-voltage plate. This is done by means 
of the resistance R; and the mutual inductance m’ whose 
primary is connected across the voltmeter coil in series 
with C,’. During this balance the detector is connected 
between points a and ¢. 

In a like manner the guards and shielding of the test 
cable C; are brought to the potential of the active sheath 
by means of R, and the mutual inductance m. It is 
to be noted that with the exception of the guards of C; 
all shielding is at ground potential although not actually 
grounded. To prevent end discharges entering the 
guard circuit, and disturbing the galvanometer deflec- 
tions, double guarding may be used with cable C;1. 

Some care must be taken in the manner in which 
switch S, is closed. The accuracy of the method de- 
pends on the losses to ground of the system remaining 
unchanged when C; is switched in circuit. If the live 
parts, kl of switch S; (see Fig. 2) are too near the cable, 
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the system will pick up charge as may be proved by 
opening S; and closing S.. Hence, in our experiments 
kl was a long lead of No. 1, bare solid wire about 20 ft. 
(6 m.) long, connected permanently to the high-voltage 
“source at k. Connection to C; was made by swinging 
this lead parallel to the ground until it came in contact 
with the cable copper at n. In both the open and the 
closed positions care was taken that kl had the same 
relative position to ground so that its loss to ground did 


Fig. 3—CoNnvEeNTIONAL DIAGRAM OF GROUNDED BRIDGE 


not change. Furthermore when point / is connected to 
point 7 some of the loss from k/ would normally be trans- 
ferred from ground to the cable shielding, thus causing a 
variation in ground loss and causing error. To elim- 
inate this source of error a grounded shield pq was 
interposed between the cable shielding and ki to inter- 
cept this loss current from kl and divert it to ground. 
With a long length of test cable almost entirely buried in 
the ground, percentage errors from this source naturally 
would not be large. 


EQUIVALENT BRIDGE CIRCUITS 


The connections of this bridge in the usual conven- 
tional form are shown in Fig. 3. The high-voltage bush- 
ing of the transformer and the high-voltage system have 
an equivalent capacitance and leakance to ground which 
may be denoted by Z,. Some intermediate point in the 
transformer winding such as o must be at ground po- 
tential. If the case is non-grounded as shown in Figs. 
1 and 2, it and the portion of the winding oo’ form an 
equivalent capacitance and leakance to ground which 
may be represented by Z,’. If the case is grounded 
Z;’ represents the impedance to case of the portion.oo’ 
of the winding. Z, and Z,’ constitute the arm A of the 
bridge, Fig. 1; Z; and Z,’ constitute the arm B, con- 
sisting of the standard air condenser and R,, Fig. 1; 
Z; and Z;’ constitute the arm C, Fig. 1, consisting of the 
test cable C;, the self-inductance L and the resistance R;. 

In the bridge itself Z;, and Z, combine to form an 
equivalent impedance to ground Z; likewise Z,’ and 
Z,’ combine to form an equivalent impedance to 
ground Z’. The first balance (with switches S; and S», 
Figs. 1 and 2 open) causes adjustments among Z., Z2’, 
and Z,’ such that 


(3) 
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In the second balance, with switches S,; and S, closed, 
Z;’ is adjusted until 


Be Ts 

Ze ee ae 

The mathematical proofs of (3) and (4) for bridges 
in general may be found in text books? and are well 
known. For simplicity, the guard circuits are omitted 
in Fig. 3. They would merely constitute two more 
bridge circuits similar to those shown and having their 
respective arms in the proportions given in (3) and (4). 


(4) 


LOW-VOLTAGE SYSTEM D1STURBANCES 


In our laboratory measurements we were able to 
verify the accuracy of the method by interposing a 
switch S;, Fig. 2, in the ground connection. When S; is 
opened, the branches B and C constitute a simple Wien- 
Maxwell bridge! with the branch A now constituting a 
true Wagner ground. If the method is correct, little or 
no change in the balance should occur whether S; is 
closed or opened, provided the bridge system is already 
in proper balance. Errors in the high-voltage system 
due to inadequate shielding, and the change in ground 
loss brought about by the movement of the lead kl, 
were soon appreciated and eliminated in the manner 
already described. 

Another source of error was found to be due to the 
changesin the ground relations of the low-voltage system 
caused by the increased capacitive load occurring when 
C; is connected to the transformer secondary. When 
switch S, is closed the secondary voltage of the trans- 
former rises due to the increased capacitive load. The 
high-side voltage is restored to its original value by 
reducing the voltage of the low-voltage side, including 
that of the line running from the transformer primary 
back to the alternator. This causes variations in the 
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ONE-TO-ONE 

INSULATING 

TRANSFORMER 
Fia. 4—Stray CapaciTaNnce In GROUNDED BRIDGE 
capacitive and leakage currents to ground from this 
entire system. If by chance any of this current enters 
the low-voltage system at 6 and through the secondary 
of M, Figs. 1 and 2, any change of voltage in the low- 
voltage system changes this current. This effect may 
cause large errors. Also to this effect must be added the 
effect of capacitance and leakance between the high- 
voltage and the low-voltage winding of the transformer, 
as is indicated in Fig. 4. Apparently, there is no single 
connection which will make all such errors zero, par- 
ticularly if the capacitances are unsymmetrical, but 
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they can be made very small. It was found that the 
most accurate results were obtained when the con- 
nections shown in Fig. 4 were used. The losses in the 
low-voltage system back to the generator were elim- 
inated by using a one-to-one insulating transformer and 
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to check the accuracy of the measurements which are 
made when the sheath is grounded. Such check mea- 
surements were made on a 31.5 ft. (8.8 m.) length of 
00, 9/32 in. (0.715 cm.), wall, impregnated-paper insu- 
lated cable. The results of these tests are given in 


grounding the system back to the alternator at one Table I. 
TABLE I 
Frequency = 60 cycles. C, = 120 pypf. 
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point. All ground loss currents could thus return to 
this system through this connection. 

The case of this one-to-one transformer was con- 
nected to the case of the test transformer and to the 
middle point of the low-voltage winding of the test 
transformer. A study of Fig. 4 shows that any change 
in capacitive and leakage currents of this system do not 
flow through the ground connection at b except the 
capacitive currents between primary and secondary 
of the insulating transformer. Since these windings are 
at low voltage, changes in their capacitive currents are 
small. If the low-voltage system is grounded at its 
neutral point a condition of symmetry is produced which 
again minimizes changes in ground currents caused by 
change of voltage. When one side of the low-voltage 
system was grounded at a, Fig. 4, rather than at the 
neutral point little error was found to result. With long 
lengths of cable such as would ordinarily be measured 
by this method, the foregoing errors, whose magnitudes 
are determined almost entirely by the voltage and not 
by the losses in the test cable, will all be small, pro- 
portionately. 

EXPERIMENTAL TESTS 


In the laboratory the cable was not actually installed 
in the ground, which made it possible to interpose a 
switch S;, Fig. 2, in the lead connecting the sheath to 
ground. By opening S; and switching the detector be- 
tween point a and the sheath C; a true Wien-Maxwell 
impedance bridge is formed, so that it becomes possible 


The last two sets of measurements were taken three 
days later than the preceding ones. During this period 
the cable underwent slight change so that these last 
data are not continuous with those which precede it. 
It is to be noted that the maximum difference between 
corresponding measurements is of the order of 4 per 
cent which is not large: when the character of the mea- 
surement is considered. 

It may be objected that this method involves too 
many bridge balances. With the conventional bridge 
having proper shielding at least three balances should be 
made. Also when balances for one voltage have been 
made, subsequent balances are usually made quite 
readily. 

The authors wish to express their appreciation to 
Dean H. E. Clifford of the Harvard Engineering School 
for his helpful suggestions in the preparation of this 
paper. 
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A High Sensitivity Power Factor Bridge 


BY W. B. KOUWENHOVEN* 


Member, A.I.E.E. 


Synopsis.—T his paper describes an a-c. bridge of high precision, 
used for power factor measurements in one of the dielectric investiga- 
tions being carried on at the Johns Hopkins University. The bridge, 
a modified form of the Schering bridge, possesses several novel fea- 
tures and advantages. The detecting instrwment is a moving coil 
a-c. galuanometer; its field excitation is supplied from a phase 
shifting transformer, which permits obtaining independent ratio and 
phase angle balances. A shielded transformer electrostatically iso- 
lates the galuanometer from the bridge circutts. 

This bridge is completely shielded and guarded and the analytical 
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theory of the resulting mesh connection is given in the paper. The 
mathematical treatment is general and may be applied to any similar 
network. A full discussion is given of the effects upon the balance 
relation of various sources of error, for ecample, as failure to balance 
guard circuits properly and the presence of leakage resistance between 
measuring and guard circuits. Experimental verification of the 
equations is presented. 

Power factors of specimens of cable material have been measured 
ranging from 0.00007 to 0.16 with a maximum variation of 
+ 0.000005. 


HE Schering bridge is probably the most widely 
used a-c. bridge for the measurement of the ca- 
pacitances and phase defect angles of dielectrics 

under high-voltage gradients. In a study of the 
properties of high-voltage cables carried on in the 
Electrical Laboratories of the School of Engineering of 
The Johns Hopkins University we have used a com- 
pletely shielded and guarded Schering bridge! for a 
number of years. 

About two years ago, under the auspices of the 
Utilities Research Commission, an investigation was 
begun of the properties of cable compounds and papers 
and of the characteristics that occur after impregnation. 
In this work it became necessary to modify the Schering 
bridge in order to obtain the desired range and sensitivity. 
The bridge that finally resulted is completely shielded 
and guarded and possesses several novel features. 

A bridge has been developed in which it is possible to 
balance the guard circuits without the use of a second 
galvanometer or disturbing in any way the main gal- 
vanometer connections. It is shown that in this bridge 
it is not necessary to balance the guard circuits for phase 
but only for magnitude. 


THE BRIDGE 


A diagram of the bridge connections is given in Fig. 1, 
where C; is the specimen and C, the air capacitor. The 
latter is adjustable and its high-tension plate is so 
mounted that any leakage currents from it flow directly 
to ground and not into its guard circuit.2 Both the 
specimen and the air capacitor are provided with guard 
ring electrodes. The leads from their main or mea- 
suring electrodes to the points A and B of the bridge 
are one-eighth inch (8. mm.) brass rods shielded by one 
inch (2.54 em.) diameter tubes. The central conductors 
are supported at approximately three-foot (1 meter) 
intervals by small hard rubber washers. Each shielding 
tube is connected to its proper guard ring as may be 
seen from the figure. 
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The capacitance between the main electrode with its 
lead and the guard ring with its shield is 470 uuf for the 
specimen and 490 ywyuf for the air capacitor. It is essen- 
tial for accurate measurement that the insulation re- 
sistance of these two capacitances be maintained 
equal to infinity, as measured with the Megger. 

The physical arrangement of the apparatus is such 
that the specimen and air capacitor may be quickly 
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interchanged. It is also a simple matter to disconnect 
the specimen and substitute an air capacitor in its place 
for making check measurements. 

One feature of this bridge, originally used by Harts- 
horn’ in low-voltage work, is the use of two variable air 
capacitors Cs and Cq in parallel with the S and Q arms 
respectively. The capacitance Cq consists of the vari- 
able capacitor shown in the figure plus the capacitance 
to ground of the detector arm shield, which is con- 
nected to the point B of the bridge. In normal opera- 
tion Cq is kept at a fixed value and balance is obtained 


202 


32-13 


March 1932 


by varying Cs, a variable calibrated air capacitor. The 
use of the capacitor Cq permits the neutralization of the 
fixed capacitance of the bridge and the measurement of 
very small values of power factor. 

As Cq includes certain fixed capacitances it is neces- 
sary to determine its value. This is accomplished by 
substituting an air capacitor for the specimen, and 
balancing by adjusting Cs, using a 1 to 1 bridge. Then 
the two high-voltage air capacitors are interchanged and 
the balance checked. The same value of Cs should hold 
for both cases to within the sensitivity of the bridge, a 
phase angle whose cosine is + 5 X 10-*. Under these 
conditions and a ratio of one to one the value of Cq 
equals that of Cs, the calibrated air capacitor. 

The detector is a Leeds and Northrup a-c. moving 
coil type of galvanometer, which is connected to the 
bridge through an electrostatically shielded transformer, 
as shown in Fig. 2. The magnetic field of the galvanom- 
eter is excited from the secondary of a phase shifting 
transformer. The deflection of the galvanometer de- 
pends upon the phase relation between its magnetic 
field and the current in its moving coil. When these 
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Fig. 2—GaALvVANOMETER CIRCUIT—DIAGRAM OF CONNECTIONS 
two are in phase the deflection is a maximum and when 
they are in quadrature zero. 

In balancing any impedance bridge two conditions 
must be satisfied, the ratio or magnitude balance and 
the phase balance. The currents produced by these two 
factors are in quadrature and it is a simple matter to 
bring the galvanometer field into phase with either com- 
ponent by adjusting the position of the secondary of the 
phase shifting transformer. This feature enables the 
operator not only to balance the bridge for either ratio 
or phase angle separately and independently, but also 
to adjust properly the magnitude of the guard resis- 
tances, R; and Rs, without either disturbing the connec- 
tions of the main galvanometer or the use of a second 
detector. 

A variable mutual inductance is connected in series 
with the galvanometer to neutralize the e.m.f. induced 
in its moving coil by the a-c. field. The value of the 
mutual inductance is adjusted so as to keep the gal- 
vanometer reading on the scale, that is, by making the 
electrical and mechanical zeros coincide. Balance of 
the bridge is obtained when there is no change in the gal- 
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vanometer deflection‘ upon reversal of the input e.m.f. 
The simple balance relations of this bridge are: ratio 
C, = C,S/Q (1) 

and the phase angle ,, of the specimen 

Yi = wCsS— wCqQ 
Where w equals 2 7 times the frequency. 
The power supply for the bridge and the primary of 
the phase shifting transformer are taken from a three 
phase “‘General Electric Company” sine wave generator . 
driven by a motor supplied by the University storage 
battery. The sensitivity of the bridge is ample and for 
phase angle corresponds to an angle whose cosine is 
5. X 10-*. Values of capacitance ranging from 40 uyuf 
to 1,500 wuf and specimen power factors from 0.007 
to 16 per cent have been successfully measured. The 
bridge is usually operated at 60 cycles and 1,500 volts - 
alternating current. 


(2) 


OPERATION OF THE BRIDGE 


In the operation of the bridge the first step is the 
proper adjustment of the phase shifting transformer. 
This is attained in the following manner: 

Using the specimen, C;, and air capacitor, C2, in the 
high-voltage arms, and having set the ratio arms Q and 
S to 5,000 ohms each, as tentative values, low-voltage is 
applied to the bridge. Then the operator proceeds to 
find by trial the phase shifter setting which will give a 
minimum deflection when the ratio arms are upset by, 
say, 1,000 ohms in 5,000. This gives the approximate 
phase shifter setting for the phase angle balance. The 
phase shifter is then thrown through 90 deg. to the 
“ratio” setting and the ratio balance roughly deter- 
mined. The process is then repeated until it is possible 
to have an unbalance of several thousand ohms in the 
ratio arms remain undetected when the phase shifter 
is in the ‘‘phase angle” setting. These adjustments give 
accurately the phase angle and ratio settings of the 
secondary of the phase shifting transformer. 

In balancing the bridge all four low-voltage arms, 
R;, S, Q, and R;, are set at some tentative values. With 
the phase shifter on the ratio setting and Q at 5,000 
ohms, S is adjusted to the nearest ohm. If @ and S 
differ materially from each other the spacing of the 
standard air capacitor is varied to bring the bridge 
closer to a one to one ratio. 

Once a satisfactory ratio of Q and S is obtained, the 
operator proceeds to balance the guard circuit of the 
specimen. With the phase shifting transformer in the 
ratio position the operator connects the points B — B’ 
of the bridge by means of a short lead and then adjusts 
the guard resistance, R;, until the upset in balance 
caused by this procedure disappears. With R; at its 
proper value for magnitude balance, the operator re- 
moves the short circuit from across B — B’, places it on 
A— A’ and proceeds to adjust Rs; in the same manner 
as R; These adjustments of R; and Rs are for mag- 
nitude only and not for phase. The magnitude balance 
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is thus obtained using the main galvanometer as a de- 
tector, but without disturbing its connections in any 
way. The proof of the correctness of this procedure will 
be discussed later. 

After the proper settings of R; and Rs are obtained, 
the ratio balance is once more checked; usually the 
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capacitor circuit. The operator @ expresses the impe- 
dance of the galvanometer arm of the bridge. 

Using the cyclic currents of Maxwell’ we obtain a set 
of six simultaneous equations. Table I below gives the 
coefficients of the cyclic currents of the generalized 
mesh. 


TABLE I—THE COEFFICIENTS OF THE CYCLIC CURRENTS 


= Gy wees sees 
SV OAUe aricr sce terials 0 


Seda wibsie nein 2 


balance is not off more than five ohms in 5,000, unless 
the preliminary settings of R; and Rs were considerably 
out. 

The full test voltage is now applied to the bridge and 
the operator obtains the final ratio balance, after re- 
checking the guard resistances for magnitude balance. 
The phase shifter is then rotated through 90 deg. to the 
phase angle position and the phase balance obtained by 
adjusting the variable air capacitor, C,. | 

The power factor of the specimen is calculated in 
accordance with equation (2). It will be shown that 
this simple relation gives the correct value of the power 
factor, despite the fact that the guards have been bal- 
anced for magnitude only; provided the leakage resis- 


Fie. 


3—GENERALIZED Mrsu DraGram 


tances existing between the guarding systems and their 
respective measuring circuits are infinity. 


MESH DESIGN 


The mesh diagram of the bridge is given in Fig. 3. 
This diagram is a general one and may be applied to 
almost any shielded bridge. The complex impedance 
operators are represented by Gi, Gs, etc. Where Gi, a», 
@; and G, represent the measuring circuits of the bridge, 
and @;, Gs, G;, and ds the guard circuits. The operator G; 
belongs to the measuring circuit of the specimen and 4G; 
to its guard. In like manner @ and G, belong to the 
measuring and guard circuits of the air capacitor, respec- 
tively. The operator d) represents the impedance 
existing between the measuring and guard circuits of the 
specimen and G1) performs the same function for the air 


.-(@2 + a6 + ai0) ....... TAL O sai st cera eeieneenens Ov ieeiesipters eit 0 
CACO AB ses ce eave. LO eearcis aissarerole GRO ERE eee ein 
creer 0 eleteiststaitsiniehs 0 1) ro grriicuryercsiriostts 
Pia as A = ig es sox (Ag =F Ag, + Gi9)a. acm wor ROU HERR EL. 
esse rts OF sypchte done S14” ac ice hha Oa eee) 

Ones: 0 .(@3 +47 +49)......... a7 


The current, 7, through the galvanometer circuit 
may be obtained by the solution of the simultaneous 
equations by means of determinants. For balance the 
galvanometer current must equal zero and this will only be 
fulfilled when the determinant for the numerator is zero. 

Solving this determinant and equating to zero the 
complete balance relation is obtained, equation (3), for 
the generalized network, namely 


Gs Gy + Gz (Gi + Gs + Gy) 
Gz Gy + As (Gs + G7 + Gy) 


Qi 4 


Ae As 


Gs Gio + Ge (Gs + Gs + 10) 
is Gio + Gg (G2 + As + Gio) 


(3) 


Equation (3) may also be expressed in another form, 
(4), which is usually more convenient to use. 


Gz c. 
Cos eases (a1 + Gs) 


Q, O4 bs 
Ao As = 
Os Os ee (G4 + Gs) 
: (4) 
Ge + Gg - (@2 + Ge) 


10 


The terms on the right hand side of equations (3) and 
(4) are correction terms that express the factors intro- 
duced into the simple bridge relation by the presence 
of the guard circuits. These equations may be ex- 
pressed in the form of 


ona eee ki ke (5) 
C8 Ge arith, tS ease) 
Where ‘ky = 
az) 
Gina Gacl) Sere «bas + Gs) 
and ke = 
Gg + Ag+ ‘@ + Gs) 
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It is interesting to note that if the guard circuits are 
balanced with respect to their corresponding bridge 
circuits, 7. ¢., 


ay Gs 
a ee Ani, 
a3 Q7 a 


Qe As 
Ge a, 

that the generalized expression reduces to the simple 
bridge relation given in 


(6) 


If no guard circuits are used in the bridge or if the 
impedances expressed by @ and G1) are equal to infinity, 
equation (4) again reduces to (6) the simple balance 
relation for a wheatstone network. 

Equation (6) contains the complex operators of the 
four arm impedance bridge; each operator having the 
general form R+7X. The balance of the bridge 
requires two adjustments, ratio and phase® as stated in 
the introduction. The ratio and phase balance rela- 
tions, readily deduced from equation (6), are given (7) 
below: 


Lael ses i 
Ay fest 


(pi + Ga) — (b2 + $2) = 9 


Where Z;, Z., etc., are absolute values and 44, ¢2, etc., 
are the corresponding phase angles of their respective 
complex impedance operators. 

In like manner the correction terms k, and k» of 
equation (5) are complex quantities for which K, and 
K, are their respective absolute values and ¢xi and 
ox. their phase angles. For the guarded and shielded 
bridge the general balance relations are (8) 

] 
(8) 


Z 1 Z 4 
2.23 
(pi ah gu) = (ds AB ds) es x1 al Px2 
CORRECTION TERMS 

It is evident from equation (8) that the simple ratio 
and phase angle balance relations mentioned under the 
description of the bridge must be modified to take care 
of the correction terms, &; and k, introduced by the 
presence of the guarding and shielding circuits and that 
these terms must be evaluated. 

It is well to point out here that these correction terms 
are actually present in every four arm impedance bridge. 
In unshielded bridges their evaluation is impossible. 
The use of guards and shields serves to give definite 
values to these terms and to make their accurate de- 
termination feasible. 

In order to evaluate the correction terms we must 
substitute the values of the general operators given 
below into equation (5) 


(7) 


— KE KG 
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1 : my; F 
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= al ft JM 
Oe em Cpa tae 9) 
@ = Rk, (1—) $7) = mQ (1-7 ¢) 
ad = Rs (1—7 $s) = meS (1—7 $5) 
- i 
2 TWe 429 wi, 
a i 
ee 1/Wi0 +7 w Cro 
C; 

Mm, C, 

& C, 
mM, = CG, J 


Where p, is the equivalent series resistance to account 
for the loss in the specimen capacitor Ci; y, equals 
wCp1, the phase defect angle of the specimen; the 
angle o, equals wC,Q, the phase angle of the a; arm, and 
, equals wC.S, the phase angle of the a, arm. The 
angles @; and ¢s express the respective phase angles of 
the R; and Rs; arms and are mainly due to capacitance to 
earth of the shielding. The capacitance of the high- 
tension electrode of the specimen to its guard is C; and 
y; its phase defect angle, and the capacitance of the high 
side of the air capacitor to its guard is C,. In the opera- 
tors we have assumed that the phase defect angles of the 
specimen and its guard are the same, namely that yj 
equals y;, and also that both the air capacitor C, and 
its guard C; have zero phase defect angles.? The ca- 
pacitance existing between the measuring circuit and 
the shielding circuit of the specimen is C, and the 


corresponding capacitance for the air capacitor is C10. 


Both of these capacitances, C, and Ci) have leakage 
resistances, Wy and W,. respectively. In normal opera- 
tion these leakage resistances W, and Wi) must equal 
infinity as already mentioned. 

Substituting the values of the general operators into 
the equations for the correction terms we obtain the 
corresponding complex values of &, and ky equations 
(10) and (11) 


KOUWENHOVEN AND BANOS Transactions A. I. E. E. 


Sarat = In equations (10) and (11) the term expressed by © is 
en 6 a © = wl 2S = wCl'1Q 
$ . A study of the expressions for the correction terms 
g = shows that the majority of the terms in the numerators 
4 = and denominators are alike. They differ, however, only 
lies ale in certain terms in both their real and imaginary parts. 
These complex expressions for k; and k; are, therefore, 
cae. eas pS 
= rel of the general form 
— | | ao j B 
— > — ares 1 
= 3 SS = : 12 
& = ea Wirrese re (a1— ¥1) —J (81 + 41) NZ 
a = s S and 
serials + | 4 
Sie. ee ~ = = (Q2— Y2) — J (B2 + 42) 
Sls | SIS = = je ; (13) 
S| ia S| ia o A2— 7 Bs 
| | HS eS) 
= cee ay on Where the a terms denote those that are alike in their 
iS - 4 4 real parts in both the numerators and denominators 
a ct eg eee and the @ terms apply to those imaginary terms in the 
SIS | S/S ” respective numerators and denominators that corre- 
Lh a 42 a" spond. The y and 6 terms in (12) and (13) include only 
= ne = 3 those terms by which the respective numerators and 
= = a i denominators differ. 
ae a a a The absolute values and the phase angles of the cor- 
= a r g rection terms introduced by shielding and guarding the 
a + Ale | Bie bridge may be expressed as follows: 
ies nae 2 2 
ol} ols as a K, = y- Qy = xt (14) 
-- + se ea ara (Baa)? eG On es 
a i | | Kee sa \ (Qe sak 72)? ae (Be <F 62)? (15) 
a Csests ae? + Be? 
. i and 
SS € a6, + Bi 1 
O}= id Pm = + ay + Br— ar yi + 6141 rs) 
earthy ee, RQ) 
| Ot, Og + Bo Y2 
| —_—"—". as 
ee ES ih a Pre ats? + B2® — 2 V2 + Be de ce 
i = “Fe ilchincas Taking into account the phase angles of the correc- 
= a 2 € tion terms, we may write the generalized expression (8) 
OIE | Olk + oo for the power factor of the specimen as follows: 
+ te z z 1 = 20S — w0.Q— (oxi + bx) 
<a = (18) 
ar a Mi | Bin ANALYSIS OF THE CORRECTION TERMS 
§ & In the analysis of the correction terms four cases that 
a ah r— | eo involve the accuracy and method of operation of the 
6 € . 2 : bridge are discussed. 
Sib | Of® + + Case 1 
| eae c c Case 1 considers the effect of failure to balance the 
2 = Sle eels guard circuits for phase. It belongs to the normal 
- + a a operation of the bridge in which the guard circuits are 
Prey (hae = = balanced for magnitude only, and the leakage resis- 
SIS | Sls rd |} eS tances W, and Wyo are assumed equal to infinity. In 
= : 
+ i this case the normal operators are the general operators 
i Se i given in equation (9) with the exceptions of @ and Gio, 
eee 1 which here become: 
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Case 2 

Case 2 considers the phase angle error introduced by 
the failure to balance the guard circuits for magnitude 
as well as phase, provided that the leakage resistances 
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Case 3 


Case 8 considers the phase angle error introduced by 
the presence of leakage resistances W, and W,) in the 
capacitances C, and C10, between the measuring circuits 
and their guards, provided that the guard resistances 
have the proper value for magnitude balance. In this 
case, the general operators of equation (9) hold. 


Case 4 
Case 4 considers the conditions and ratio errors that 


TABLE II 
Case a7 ag ay Bi 
1 Qaajeen z [ oy i 
m Q —J $7 eG eo Pe ron (1 + mi) + 1 
en ale, ae erg 
7m Q J $7) eis 67) 1 + Ci Q +m) | +% 1 
; 1 Cy Q Q Q 
3 m, Q (1 —J $7) 1 ® 1+ 7G a “ERD! |S, 71 +m) +H {1 +> Gd +m) 1+ yy, (+m) 
ey ae. Cy : 9 9 9 
Wo 
4 67m Q (1 —7 $7) 0 — ¢7 1 
Case ag aio a Bo 
1 Su @! i bs) J o| Ess 1 | 1 
mz S (1 —J ¢8 rae. ae Ca (1 + ms) 
to ie S QUSy f [1 Ba Ds | 1 
3 me — Jj $3) ach 63 + Cs (1 + my) 
eccea ftSerm)-d kere | petals 
m2 S (1 —J ¢8) 1 Na tipes ®} 1+ ra GES ms) Wao ¢3 (1 + m2 + Wio (1 + m2 
Wio 
4 63 m2 S (1 —J $s) 0 — 8 1 


W, and W,) still remain infinite. Let 0; represent the 
ratio of the actual value of guard resistance FR; to the 
proper value for correct magnitude balance, that is: 


pyeonie 

sirias mi Q 
R 

Similarly 6 = — 6 
2 


Then, the conditions expressed under this case modify — 


the general operators as follows: 


G@ = 6,m,Q 1 —7 $7) os tig aes 
-_ , a : 
Gs = 03 m2 S (1 —7 os) ee en 


in which 6; and 63 obviously become unity when the 
guard circuits are properly balanced for magnitude. 


exist when the corners of the bridge are connected to- 
gether, 7. e., A to A’, as is customary in balancing the 
guard resistances R; and Rg (See Operation). Under 
these conditions the operators involved become: 


a = 0;m,Q (1—j $7) 
ag = 63m.S (1—7 ds) 
a =0 
Gio = 0 


To obtain the phase angle and ratio errors produced 
by the conditions as outlined in these four cases, substi- 
tute the corresponding operators in the expressions for 
k, and k. (5) and determine the respective values of a, 
8, y and 6 terms (12) to (17) inclusive for each case. 

Table II below gives for the four cases the values of 
the phase angle and ratio errors, together with the 
modifying operators causing the errors, and the corre- 
sponding expressions for the a, 8, y, and 6 terms. In 
working out the values shown in this table the results 
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were simplified by neglecting the product of two phase 
angles when added to or subtracted from unity. 

In most cases this entails an approximation of less 
than one part in 10,000 of the factor involved, and is, 
therefore, fully warranted since it means an approxima- 
tion in the phase angle relation of the bridge of the 
order of one part in one hundred million. 

EXPERIMENTAL VERIFICATION OF EQUATIONS 
Case 1 
A study of the phase angle and absolute value errors, 
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Substituting the proper values in the expressions for 
$x: and $x» of Case 1, Table II, and assuming as an 
extreme case that ¢; and ¢s are zero, the following 
phase angle errors are obtained: 

odx1= + 6.7 X 10° 
ox. = — 26.3 X 107 

These are seen to be negligible when compared with 
the phase angle sensitivity of our bridge + 5  10~. 

This numerical example is only one of many that 


TABLE II 
v1 61 Ky Pk 
ies j Co Cy | “ 
pease eens ‘Ores 
0 eS Date) L + Ci i= C1 (1 + mi) [| & (?%q $7) 
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Ws Ci Ler ee, 
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67 (1 +m) 67 (1 + m) (1 + 2 m 67 + mi? 6;7)3 1 +6;m 
72 62 Ke ok2 
Cio Cio [3 Cio ee | a ( ) 
0 C @ (os — $8) 1 = CE fe Co C m2 os — $8) 
Cio Cio Cio er _ 
Ce ® (#3 — 1) = @ (ds — 48 $8) 1 “pees (@g — 1) 
—— ) pee ers 1 ion) 
7 gs — $8 3s — 98 <= 
wae 3 Wie. 4 +m) 
iS 
(és — 4 8) (@s — 1) (1 +2 me 63 + my? 057)? (¢s — $8) 
63 (1 + mz) ~ 63 (1 + me) 63 (1 + mz) ~ 1 + 63 me 


Table II, shows that the failure to balance the guard 
circuits for phase causes no error in the ratio balance 
since K, and K, here equal unity, and only a negligible 
phase angle error. 

The latter is shown to be true in the following typical 
numerical example of the measurement of the power 
factor at 500 volts 60 cycles of an impregnated paper 
specimen at 30deg.cent. Complete dataare given below. 


Standard Air Capacitor Specimen 
C. = 1110 x 10-"farad OC, = 1159 x 10-” farad 
C, = 2815 x 10" farad C, = 889 < 10-" farad 
Ci= 489 x 10-"farad C, = 469 x 10-” farad 
R; = 9909 ohms R; = 8216 ohms 
S = 5219 ohms Q = 5000 ohms 
m. = R/S = 1.899 m, = R,/Q = 1.648 
d = oC,S = 0.00554- 6, = wl, Q = 0.00168 
® =wCC,Q = wC.S = 0.00218 
yi = wl, S — wC,Q = 0.00386 


could be presented and fully justifies our method of 
operating the bridge in which no attempt is made to 
balance the guard circuit for phase. It might also be 
stated in further justification of our practise that the 
capacitances to earth of the shields which are in parallel 
with R; and Rs, respectively, serve to reduce this error 
still further. 


Case 2 


In Case 2 where the guards are not properly balanced 
for either phase or magnitude it is evident that the 
absolute values of K, and K, are again unity and that 
ratio errors are absent. 


It may be seen from Table II, Case 2, that the phase 
angle errors ¢xs and ¢xe are linear functions of the 
magnitude unbalance factors 6; and 63. To verify these 
equations experimentally the following test was made: 

The bridge was balanced normally as in the numerical 
example given under Case 1, keeping the air capacitor 
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side of the bridge properly balanced for magnitude, we 
determined the value of $x: corresponding to different 
values of the guard resistance, R;. The ratio, 6;, of the 
actual value of the guard resistance to its true value 
was varied from zero to two. The results are given in 
Fig. 4 and it is evident that a linear relation exists be- 
tween ox, and 6;. 

As a further check a similar test was performed to 
determine the value of ¢x2 when 6s was varied, keeping 


+0.0010 


+0.0008 


+0.0006 


+ 
° 
° 
Le} 
te} 
RK 


| AND kp 


MAGNITUDE UNBALANCE FACTORS 67 AND 6g 


Fig. 4—EXPERIMENTAL VERIFICATION OF CasE 2 


6; equal to unity. The results of this run are also 
plotted in Fig. 4 and we again obtain linear relation 
between the two quantities. 

‘Obviously, from such experimentally determined 
curves it is possible to compute the values of the cross- 
capacitances Cy and C4. 

As a verification of these relations, the cross-capaci- 
tances, C, and Cio, were measured separately using a 
1,000-cycle capacitance bridge. The results given 
below in Table III show a good agreement and serve 
further to prove the correctness of the equations. 


TABLE III—COMPARISON OF CALCULATED AND MEASURED 
VALUES FOR THE CROSS-CAPACITANCES Cs3 AND Cjo 


Capacitance computed Capacitance measured 


Capacitance from Fig. 4 at 1,000 cycles 
Ge FSO, Net AGORA: he cee a 478 
Cio. ASG. 35 33 aaAe hes ee 472 


It is clearly evident from the equations that the phase 
angles errors are reduced by keeping Cy and Cio small. 
The experimental results of Case 2 verify the mathe- 
matical relation and also show the importance of accur- 
ately balancing the guard resistances for magnitude. 


Case 3 

This case considers the phase angle errors caused by 
lack of phase angle balance in the guard circuits acting 
through the presence of leakage resistances W, and Wo. 
As in the two preceding cases, the ratio balance still 
remains unaffected when the guards are properly bal- 
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anced for magnitude. The following test was performed 
to obtain experimental verification of the equations 
involved; Table II, Case 3: 

1. The bridge was balanced in the normal way, with 
W, and Wy, equal to infinity, the air capacitor was 
adjusted to one to one ratio with the specimen to within 
five ohms in 5,000, and the guard capacitance C; was 
varied to make the ratios m,; and m, equal to each other 
to within 0.1 per cent. 

2. The specimen guard circuit was then balanced for 
phase as well as magnitude using an additional variable 
capacitor in parallel with R;. 

3. An inductance Ls, of approximately 0.5 henry, 
was introduced in series with the air capacitor guard 
resistance Rs, and this resistance was decreased by an 
amount equal to the resistance of the inductance coil, 
thus preserving the magnitude balance but greatly 
increasing the phase difference (¢, — ¢s). It must be 
noted here that the insertion of Ls giving the arm R; a 
large inductive phase angle caused no measurable power 
factor error when the guard of the air capacitor was 
balanced for magnitude only and not for phase. 

4. The actual test was then performed, introducing 
the resistances W, and W,) which were kept at all times 
equal to each other, and which were varied from 100,000 
ohms to zero, determining at each step the phase angle 
error caused by the phase angle difference (¢, — ¢s). 

In this test it was necessary to keep Wz equal to Wio 
to preserve the one to one ratio throughout, thereby 
eliminating errors due to residual angles in the resistance 


0.020 


PHASE ANGLE ERROR: 6} , 


[5.20 30 


Fig. 5—EXpPERIMENTAL VERIFICATION OF CASE 3 
boxes. It was, therefore, necessary to balance the 
specimen guard circuit for phase as well as magnitude 
to confine the error studied to the phase difference 
(@; — ¢s) alone, and it was deemed advisable to intro- 
duce an inductance in guard resistance Rs; to accentuate 
the error and make its measurement more accurate. 
The phase angle error under consideration is 


oa Qs 
+ (1 + mz) 


x = (19) 


S 
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which may be written in the form 


logdxe = log(¢.— ¢s) — log | + (1+mz) | (20) 


It is readily seen from (20) that plotting in logarith- 
mic coordinates the phase angle error ¢x2 against the 
variable 

[ 10 
S 


gives a straight line of which the slope is unity for axes 
of equal moduli. The results of experiment are plotted 
in Fig. 5 which shows a remarkable agreement between 
the results of experiment and the above theoretical con- 
siderations. It is interesting to note that ¢, and ¢s 
may be obtained by this test if desired. 


Case 4 


This case is of importance because it represents the 
conditions pertaining to the balancing of the guard 
circuits as described under operation. It considers the 
ratio error introduced by a given unbalance in the guard 
circuit acting through a short circuit between the mea- 
suring circuit and its guard. 


As stated under the operation of the bridge, all four 
low-voltage arms R,, Q, S, and Rs are set at some tenta- 
tive values, and the operator adjusts Q and S to obtain 
the preliminary ratio balance. We will confine our 
attention to the specimen side of the bridge and assume 
that the preliminary ratio balance is obtained with the 
tentative guard resistance R; off from its correct value 
by a magnitude unbalance, factor 6;. Under these con- 
ditions the ratio error caused by short-circuiting B — B’ 
is 


+ (1 +m) | 


6; (1 + m1) ey 
V1 + 2m, 6; + m2? 0? 


Kk, = 


This unbalance in ratio results in a deflection of the 
galvanometer. Obviously from equation (21), when 
6; is made equal to one, K, becomes unity and the ratio 
error disappears. In operating the bridge the guard 
resistance R; is varied until the ratio unbalance dis- 
appears as already explained. Under these conditions 


pe AR 


Similarly when the air capacitor side of the bridge is 
adjusted K» equals 1 and 


Rs 
S 


C2 
Cs 


= Mo 


From the analysis of this case it is evident that our 
method of adjusting the guard resistance without dis- 
turbing in any way the main galvanometer connection is 
fully justified. 
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CONCLUSIONS 


The conclusions may be summarized as follows: 

1. Ina corapletely guarded and shielded bridge it is 
advisable to keep the cross-capacitances existing be- 
tween the measuring circuits and the guard circuits low. 

2. Insucha bridge it is of prime importance that the 
conductances of the cross-capacitances be maintained 
at zero. 

3. We have developed a method employing a sepa- 
rately excited moving coil a-c. galvanometer that makes 
it possible to balance the guard circuits using the main 
galvanometer as a detector, without disturbing the con- 
nections of the main galvanometer in any way. 

4. The equations for the correction terms introduced 
by the shielding and guarding system are developed and 
their values are determined for the constants of our 
bridge. 

5. Wehave shown by both mathematical and experi- 
mental proofs that the error introduced in our bridge by 
failure to balance the guards for phase angle is 
negligible. 


Bibliography 


1. Influence of Residual Air and Moisture in Impregnated 
Paper Insulation, Whitehead and Hamburger, Trans. A.I.H.E., 
Vol. 47, 1928, p. 314. 

2. The Phase Defect Angle of an Air Capacitor, Kouwenhoven 
and Lemmon, Trans. A.I.H.E., Vol. 49, July 1930, p. 952. 

3. ‘A Method of Measuring Very Small Capacities,’”’ Harts- 
horn, Proc. Phys. Soc., Vol. 36, p. 399, 1924. 

4. Ernest Weibel, Bul. Bur. Stand., Vol. 14, 1918-19, p. 23. 

5. Treatise on Elect. and Mag., Vol. 1, J. C. Maxwell, 
3rd Edition, Sec. 282b and 347. 

6. A-C. Bridge Methods, B. Hague, 2nd Edition, p. 48. 


Discussion 


Leo J. Berberich: For some years, engineers interested in 
power factor measurements on insulating materials at high 
voltages and commercial frequencies have felt the need for some 
suitable means of verifying the accuracy of such measurements. 
As a result of this, several methods for checking dielectric loss 
measuring equipment have been proposed in the last two or three 
years. Some of these are thermal methods utilizing temperature 
rise associated with power loss, and others involve the use of a 
standard load usually constructed of glass. These have met with 
some degree of success, as the literature reveals, but leave some- 
thing to be desired when it comes to verifying measurements of 
the small power factors found in good quality insulating oils. 

A little over a year ago work was begun on the development of a 
new “‘standard of low power factor’’ at the Johns Hopkins Uni- 
versity. This standard has recently been completed and a paper 
by Dr. Kouwenhoven and myself is now in the hands of the. In- 
struments and Measurements Committee of the Institute. I 
might say briefly that it consists of a well-shielded and guarded 
compressed air capacitor and very specially shielded resistors. 
The standard can be used for voltages as high as 25 kv. and its 
power factor can be computed accurately. During the course 
of its development I have had occasion to check the accuracy of 
the bridge described by Dr. Kouwenhoven as well as that of 
another bridge similarly constructed. The following table gives 
an idea of the excellent agreement found between the computed 
power factor of the standard and the power factor as measured 
by the bridges: 
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COMPUTED POWER FACTOR OF STANDARD ps, 
MEASURED POWER FACTOR 


Computed 
power factor Measured power factor 
Bridge Bridge 
60 cycles No. 1 No. 2 
Oc COOLS es Basi telcn sce eh O-O00196 i... «57... 0.000194 
1D \OO09OG.5 Wr. rieds scene Resctucas's 0.000992...... 0.000996 
Or VOLO Sanne arct ett actos 0.001983. .....0.001993 


The data listed in the table not only give further evidence as to 
the accuracy of the bridge described in the paper by Dr. Kou- 
wenhoven and Mr. Bafios, but also show that the two bridges 
used at Johns Hopkins for measurements on insulating oils agree 
remarkably well. The small deviations from the computed power 
factor of the standard were due to the fact that the limits of 
sensitivity of the bridges were approached. 

J. C. Balsbaugh: In the bridge described in the paper by 
Messrs. Kouwenhoven and Bafios the power factor W, of the 
specimen is given as 

Wi = wo CS — wo CqQ 

This assumes that the absolute power factor of the air condensers 
is equal to zero. In general, any bridge used for the measure- 
ment of the power factor of dielectrics measures the difference in 
the power factors of the condensers forming the high-tension arms 
of the bridge. The use of a substitution method in measuring the 
power factor of a sample will not eliminate the absolute power 
factors of the air condensers, but will give the difference in the 
power factors of the sample and the air condenser it replaces. 
Thus in the measurement of the power factors of dielectries to a 
given precision, it is first necessary to investigate the absolute 
power factors of the condensers to be used in the bridge and 
determine if these absolute power factors are of the magnitude 
of the desired power factor precision. 

A modified Schering bridge with a precision in power factor 
measurement of 10-® has been constructed at the Massachusetts 
Institute of Technology in connection with research carried on in 
cooperation with the Cable Research Subcommittee of the 
National Electric Light Association. A paper describing this 
bridge was presented at the meeting of the Committee on Electri- 
eal Insulation of the National Research Council in Cambridge, 
Mass., November 13, 1931. Progress reports covering the design, 
construction, and operation of this bridge have also been sub- 
mitted to the Cable Research Subcommittee of the National 
Electric Light Association. It is planned to make formal publica- 
tion of this research when all the factors affecting the power factor 
precision of the bridge have been fully investigated. This bridge 
has a sensitivity such that a change in power factor very much 
lower than 10-°, and a capacitance difference materially lower 
than 10~-° of the high-tension capacitances are detectable. Tests 
with this bridge have shown that air condensers may have an 
absolute power factor of the order of 10->. A study of the prob- 
able causes of this power factor has shown that it is not due to 
conduction currents in the gas, a loss in the solid dielectric be- 
tween the bridge and shield surfaces, or to extraneous matter on 
the plates of condensers. A number of tests has shown that the 
loss depends on the type of metal used in the condenser conduct- 
ing surfaces, the voltage gradient, surface area, and apparently 
is due to the gas adsorbed on the condenser surfaces. 

In using a substitution method for measuring the power factor 
of a sample it is essential that the resistances in the low-tension 
arms be maintained constant in the two balances. The use of a 
substitution method primarily eliminates the shunt capacitance 
to ground of the low-tension arms and thereby permits obtaining 
the power factor of the sample in terms of the difference in ca- 
pacitances in the two balanees of one condenser in the low-tension 
arms. However, if the low-tension resistances are adjusted in the 
two balances the shunt capacitances to ground in the resistances 
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are changed. Therefore the measured power factor will not be 
given in terms of the differences between the settings of one low- 
tension capacitance. In the bridge at the Massachusetts Insti- 
tutute of Technology previously referred to, variable condensers 
are used in one of the high-tension arms. Thus a capacitance 
balance of the bridge may be obtained entirely by an adjustment 
of the high-tension condensers with the low-tension resistances 
maintained constant. In this manner it is possible to eliminate 
completely the shunt capacitances of the bridge to ground from 
causing an error in the power factor measured by the bridge. The 
variable capacitances used in this bridge permit obtaining as 
accurate a capacitance balance as a power-factor balance. These 
variable condensers are designed with concentric cones that may 
be moved axially relative to each other. By this method it is 
possible to obtain and detect changes in capacitances less than 
10-° wpf. (10-17 farads). 


In general, the effect of a phase unbalance in the shield voltage 
will not cause an error in the power factor measured by the bridge 
described in this paper. This assumes that the phase shifter is 
quite accurately set. The effect of a phase unbalance in the shield 
voltage will be to give an incorrect capacitance balance of the 
bridge. In the study of dielectrics having very low power factor 
it is advisable to be able to detect and measure changes in ¢ca- 
pacitance of the sample of the same order as the power factor. 
The study of both capacitances and power factor change should 
permit a clearerand more definite analysis of the results of a test. 
The magnitude of the phase unbalance of the shield voltage de- 
pends principally upon the relative values of capacitances from 
high-tension to shield and to bridge, and capacitances from shield 
and bridge to ground. In the usual bridge these values are such 
that phase balance of the shield is necessary to give a satisfactory 
bridge capacitance balance where high precision is necessary. 


In the bridge described in this paper the shield is balanced by 
directly connecting the bridge and shield. This method requires 
two separate shield circuits and thereby requires considerable 
adjustment to get an accurate shield balance. It would seem 
preferable to have one shield circuit and balance by connecting 
the detecting apparatus between the bridge and shield circuit. 
This method may be accomplished quite easily and will permit 
a high accuracy in the shield balance. 

In this paper there are no calculations or tests giving the sen- 
sitivity or precision of the bridge. Furthermore it should be 
noted that precision in power factor measurement may be very 
much different from the sensitivity of the bridge to changes in 
power factor. In general, the precision in power factor measure- 
ments is much more important than the bridge sensitivity. 

S. K. Waldorf: For Case I it is shown experimentally that 
the phase angle errors ¢;1 amd ¢x»2 in Table II are negligible with 
specimens having a capacitance of about 1,100 uuf. The authors 
mention having measured other specimens having capacitances 
as low as 40 wyf., for which the ratios Cy/C; and C19/C, become of 
the order of 30 instead of about 1% for the case given. At the 
same time there is the corresponding decrease in ® which enters 
as a quadratic in expressions for ¢,1 and ¢x2. The net effect of 
reduction of specimen size is, then, that the values of these cor- 
rection terms are not appreciably changed, other factors being 
equal. 

However, to maintain the bridge sensitivity unimpaired, the 


values of S and Q must be increased, resulting in increases in 


ok and oz Which ean become appreciable in such circumstances. 
For the condition to hold that the net correction remain neg- 
ligible, it then becomes of some importance that the bridge be 
symmetrical in order for ¢g1 to be very nearly equal numerically 
to x2, as the latter quantity is shown to be negative in Table IT. 

The condition considered in Case III is of practical importance, 
as it is a very real source of difficulty in humid weather. In such 
weather there is condensation of moisture on the insulation of the 
bridge which causes appreciable values of leakage conductance 
between circuits. The values of Wy and Wy, , instead of being 
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nominally equal to infinity as desired, become finite, indeter- 
minate, and variable quantities, making evaluation of ¢,: and 
¢%2 impossible. To a certain extent these troublesome effects can 
be eliminated, or at least minimized in very bad weather, by 
coating the insulation with paraffin and by having a minimum of 
contact surface between the insulation and the conductors. 
From the very erratic nature of such difficulties due to humidity, 
it is easily understandable that no method of correction has yet 
been devised. Indeed, on some summer days of high humidity, 
conditions become so unsteady that measurements are impos- 
sible. This may seem strange to the uninitiated, but is quite 
common experience for those making refined dielectric measure- 
ments of any sort. 

Fig. 2 of the galvanometer circuit shows double shielding on 
the transformer. Such transformers are not in common use nor 
easily obtained. I believe it would be of value if the authors 
could tell us briefly the purpose of such shielding and if it is essen- 
tial, as perfect double shielding with a high value of insulation 
resistance is not readily made in a compact assembly, and hence 
is relatively expensive to manufacture. 


In conclusion, I should like to add a practical word of precau- 
tion for those who may be called upon to build small high-voltage 
air capacitors for such service as the authors deseribe. The 
natural tendency is to make the plates as small as possible for 
compactness and economy, resulting in small spacings of about 
2mm. or less. Close spacings usually are the source of much 
trouble and annoyance arising from small fibers bridging the gap 
between plates and causing either flashover or a power factor in 
the air capacitor. A much more satisfactory arrangement has 
been found with plate dimensions large enough to allow a spacing 
of not less than about 5 mm. for the desired value of capacitance, 
which is quite effective as a preventative of such bridging. 


Perry A. Borden: The method of balancing out induced 
voltages in the galvanometer coil’ by the use of a mutual induc- 
tance in the field circuit appears to remove one of the objection- 
able features of the electrodynamic galvanometer. It has been 
found that by the use of two quadrature reference voltages de- 
rived from the secondary of the phase-shifting transformer as 
shown in Fig. 1, and applied alternately to the field coil of the 
galvanometer as the length and position respectively of the 
current vector in the bridge circuit are reduced, much time in 
halaneing such a circuit may be saved. 


Another very satisfactory method of detecting a balance con- 
dition* consists in exciting the galvanometer field from a fre- 
queney differing slightly from that of the system upon which the 
tests are being made, and proceeding with the balancing process 
until the ‘‘beat”’ oscillations disappear. 

R. P. Siskind: In their conclusions, Messrs. Kouwenhoven 
and Baiios state that it is of prime importance that the condue- 
tance of the cross-capacitances between the main electrodes 
with their leads and their guards be maintained at zero. Under 
this condition, it is shown analytically and experimentally that 
failure to balance the guards for phase angle introduces negligible 
error. In this connection, the authors state that it is essential for 
accurate measurement that the insulation resistances of these 
cross-capacitances, as measured by a megger, be maintained at 
infinity. Since this is an a-c. bridge and these cross-capacitances 
contain dielectric material, their a-c. leakage resistances cannot 
be infinite but will have values equal to the equivalent parallel 
resistances of these cross-capacitances at the test. frequency. 
These values will then depend upon the power factors of the cross- 
capacitances. However, a rough calculation based upon the 
values given under the heading, ‘Experimental Verification of 
Equations” shows that at 60 cycles, an assumed power factor of 
0.100 for C,) would give W,) a value of 54 megohms and, although 
finite, this value of Wi) would lead to an error in measured power 


*Balance Methods in A-C, Measurement, P. A. Borden,, Trans. A.I.E.E., 
XLII, (1923), p. 395. 
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factor somewhat less than the accuracy claimed by the authors. 
According to the equations, the error would be entirely negligible 
for a more reasonable value of power factor of Cio. 

Another item worthy of consideration is the possible effect 
upon the accuracy of the bridge of the presence of harmonies. 
The authors use a detecting device which operates upon the watt- 
meter principle. If the potential applied to the test specimen, 
C,, is high enough to produce ionization, third and other har- 
monies will be produced in the current wave through C; even 
with the application to C; of a pure sine wave. This effect has 
been found in measurements with the Dawes-Hoover bridge upon 
dielectric specimens stressed beyond the ionization point. The 
bridge is generally out of balance for these harmonies when bal- 
anced for the fundamental and this results in the presence of har- 
monic voltages across the detector. The tuned vibration 
galvanometer is not affected. With the a-c. galvanometer used 
by the authors, the presence of third and other harmonic currents 
in the moving coil would give a deflection if any corresponding 
harmonie current were present in the field winding. It is' hard 
to believe that the output of a phase-shifting transformer excited 
with a pure sine wave voltage is entirely free from. harmonics. 
If corresponding harmonic currents of any.appreciable magnitude 
do exist, a torque will be exerted upon the moving coil which 
would be offset by an equal and opposite torque produced by a 
slight unbalance of the bridge for the fundamental frequency in 
bringing the galvanometer deflection to zero, Thus the possibil- 
ity of some small error does exist when ionization takes place in 
the test specimen. 


“"A.C,GALV, 


PHASE=SHIFTING 
TRANSFORMER 


Fig. 1 


W. B. Kouwenhoven and Alfredo Banos, Jr.: “Mrz. Bals- 
baugh states that we have assumed the absolute power factor of 
the air capacitor C2 of the bridge to be zero. That this assump- 
tion is justifiable at 60 cycles is clearly brought out by an investi- 
gation conducted by one of the authors! of this paper and also by 
the work of Churcher and Dannant.? 


Mr. Balsbaugh reports that his air capacitors have a power 
factor of the order of 10-> which he believes is caused by the 
absorption of gas by the electrode surfaces. If such were the case 
it is quite possible that this power factor will also be associated 
with the test cell as well as with the air capacitor, and thus tend 
to neutralize each other in the bridge. 


We have measured power factors of oil samples as low as 
0.000025 and we have checked the accuracy of such measure- 
ments by a method that does not involve either the standard air 
capacitor or the Schering bridge. This method is fully described 
in a paper by one of the authors.? Briefly, it consists of the caleu- 
lation of the power factor of the sample at 60 cyeles from the 
charge and discharge current time relations under continuous 
potentials. Thus it appears that in measuring power factor of 
this order an error of 10~ in the power factor of the air capacitor 


1. The Phase Defect Angle of an Air Capacitor, W. B. Kouwenhoven and 
C. L, Lemmon, Trans. A.I.E.E., Vol. 49, July 1930, p. 952. 

2. “The Use of Air Condensers as High-Voltage Standards,” B. G. 
Churcher and C. Dannant, Journal I.E.E., Vol. 69, No. A16, Aug. 1931. 

3. The Predetermination of the A-C. Behavior of Dielectrics. J. B. White- 
head and A. Banos, Jr., A.I.E.E. Winter Convention, 1932. 
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would not permit the excellent agreement that is obtained be- 
tween the power factor measured in the bridge and that computed 
from the d-ec. characteristics. 

The error in the ratio balance that is caused by failure to 
balance the guard circuits for phase is very small. In our opera- 
tion of the bridge the ratio arms, Q and S, are only balanced to 
the nearest ohm in 5,000 and the above mentioned error is much 
less than this and can be safely neglected. 

Our method of balancing the guards by connecting directly the 
bridge and the shield possesses the distinct advantage of per- 
mitting the use of the full sensitivity of the main detector with- 
out disturbing in any way its connections. In our bridges using 
no amplifiers this method has proven very simple and quick and 
gives accurate results. We recommend it strongly because of the 
small amount of auxiliary equipment and adjustment that is 
required. 

As regards the precision of the bridge, the data presented by 
Dr. Berberich in his discussion covers this point fully. 

The shielded transformer in the galvanometer circuit is used 
because it fixes accurately the distributed capacitance that exists 
between the arms of the bridge and the ground. The connection 
of this shield to the B corner of the bridge (Fig. 1 of the paper) 
places this capacitance in parallel with Cz. Unless a doubly 
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shielded transformer is used and connected as shown the effect 
of this capacitance cannot be evaluated. 

The suggestion of Mr. Borden is very interesting and we are at 
present testing that method of balancing in another research 
using a similar bridge. 

The point raised by Mr. Siskind as to harmonies is of consider- 
able importance. We made an oscillograph study of the currents 
through the different arms of our Schering bridge when supplied 
with current from a General Electric sine wave generator. In 
this work we used the amplifier oscillograph of Dr. Waldorf.* 
We measured the voltage induced by the galvanometer field in 
its moving coil and found it practically free from harmonics. We 
found evidence of a small tooth ripple in the currents through the 
arms of the bridge. These currents, however, were free from low 
order harmonics. We do not feel that harmonics cause any 
trouble in our bridge because of the excellent agreement that 
we have been able to obtain between calculated and measured 
power factors on the same sample. Furthermore our bridge is 
operated at potentials that are considerably below the ionization 
value. 


4, “The Amplifier Oscillograph Applied to the Study of Dielectrics with 
Continuous Potentials,’ S. K. Waldorf. Forth-coming paper through 
A.I.E.E. 
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An Analysis of the Parallel Substitution Method as Applied to Two Types of Capacitance 
Bridges for Capacitance and Power Factor Measurements Upon Dielectric Specimens 


BY ROBERT P. SISKIND* 
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INTRODUCTION 


EVERAL types of capacitance bridges for measure- 
S ment of the capacitance and the power factor of 
dielectric specimens are in use at the present time. 
Some of these bridges make a direct comparison between 
the capacitance under test and a standard capacitance. 
The Schering and Dawes-Hoover high-voltage power- 
frequency bridges are too well-known examples of this 
type. For accurate power factor measurements upon 
dielectric specimens at low voltages and audio frequen- 
cies a substitution method is generally preferred. 


Two substitution methods are commonly employed. 
Using one method, here referred to as the “‘direct”’ sub- 
stitution method, the test capacitance is first balanced 
in the bridge circuit against an auxiliary capacitance. 
The test capacitance is then removed, replaced by a 
variable standard capacitance, and the bridge re- 
balanced. In this way a comparison of the test and 
standard capacitance is obtained, and the power factor 
and capacitance of the former are determined if the 
power factor and capacitance of the latter are known at 
the particular setting used. Using the other method, 
here referred to as the “parallel’’ substitution method, 
the test capacitance and a variable standard capacitance 
in parallel are first balanced in the bridge circuit against 
an auxiliary capacitance. The test capacitance is then 
removed and the bridge rebalanced by variation of the 
standard capacitance. With this method it is neces- 
sary to know the capacitance and manner of variation of 
resistance with capacitance of the standard condenser 
used, but it is not necessary to know the actual values of 
its resistance or phase angle at the settings used. 


Both methods are generally applicable to the capaci- 
tance bridges commercially available for these measure- 
ments upon small capacitances at low voltages and 
audio frequencies. With each method, the small change 
in phase angle of the arm of the bridge circuit in which 
the substitution is made must be counterbalanced in the 
second balance of the bridge. The compensation for 
this change in phase angle enters directly into the mea- 
surement of power factor of the test capacitance, and it 
is the manner of making this adjustment in which the 
bridges in common use show essential differences. 


One manner of making this adjustment is the use of a 


*Instructor in Elec. Engg., Harvard Engineering School. 
Presented at the Winter Convention of the A.I.E.E., New York, 
N. Y., January 25-29, 19382.- 


variable resistance in parallel with the test and standard 
capacitances. The capacitance and conductance bridge 
of the Bell Telephone Laboratories! uses this arrange- 
ment. A second arrangement, used in the equal-arm 
capacitance bridge of the General Radio Company,’ is a 
variable resistance in series with either the standard of 
auxiliary capacitances as the balances may require. A 
third device, used in the precision audio-frequency 
bridge of the Leeds & Northrup Company,’ is a variable 
capacitance in parallel with one of the fixed resistance 
ratio arms of the bridge. 
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1— Hiau-V oLTAGE CAPACITANCE BRIDGE 


This paper deals primarily with an analysis of the 
parallel substitution method applied to capacitance 
bridges employing the second and third arrangements 
mentioned in the preceding paragraph. 


HIGH-VOLTAGE CAPACITANCE BRIDGE USING THE 
PARALLEL SUBSTITUTION METHOD 
First consider the substitution type of b idge shown 
in Fig. 1; R; and R, are equal fixed non-inductive resis- 
tances, C; is a low loss fixed condenser having an equiva- 


1. For references see end of paper. 
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lent series resistance R3, Cy is a precision variable 
condenser having an equivalent series resistance R, 
varying with the capacitance C., R; is a variable non- 
inductive resistance, and C, is the capacitance of the 
dielectric specimen having an equivalent series resis- 
tance R,. In the Wagner ground circuit, C; is a large 
fixed air condenser having an equivalent series resistance 
R,, Rs is a variable non-inductive resistance, and the 
distributed capacitances of the high-voltage winding of 
the transformer to the grounded case are represented by 
the capacitances Cp and Cp’ having equivalent series 
resistances Rp and Rp’. For safety it is necessary to 
ground the transformer case. 

The bridge is first balanced by adjustment of C, and 
R; with the lead h in contact at p thereby connecting the 
precision condenser and the test specimen in parallel. 


Fig. 2—Aup10-FREQUENCY CAPACITANCE. BRIDGE 
The lead h is then just removed from contact at p and 
the bridge rebalanced by adjustment of C, and R;. 

A bridge of this type was constructed in 1923 for 
measurements up to 20 kv. 

An early and persistent source of difficulty with this 
bridge was the impossibility of obtaining an accurate 
Wagner-ground balance. A study of Fig. 1 will show 
thereason. The condition for a perfect Wagner-ground 
balance with the vibration galvanometer connected to 
points cq is, 

Zw/Z3 = Zsp'/Ri (1) 
where Zp is the parallel impedance of Cp, C;, and their 
equivalent series resistances; Z;, the series impedance of 
bridge arm ac; Zsp’ the parallel impedance of Cp’, its 
equivalent series resistance Rp’, and the resistance Rs; 
and R;, the resistance of the arm cb. 
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C3; is a fixed air condenser. Its dielectric material for 
supporting the high-voltage plate is in positions where 
the electrostatic field is weak. This makes the phase 
angle as small as possible. At first, three pyrex glass 
pillars were used as supports. Later this design was 
much improved by using a single solid support so placed 
that the dielectric is located in the electrostatic field be- 
tween the high-voltage plate and the grounded shield- 
ing. This same construction was also used with the 
precision variable condenser C,. Therefore, the con- 
denser C; had a very low phase angle and R; was very 
small. The transformer was oil-filled, making the angles 
of defect of the dielectric in the distributed capacitances 
Cy and Cp’ very much larger than the angles of defect 
of the air condenser C;. Increasing C; to an air capaci- 
tance of over 1,100 wuf. in an attempt to reduce the 
phase angle of Z7p sufficiently to give a balance was 
unsuccessful. Rs was about 3,000 ohms making the 
effect of the distributed capacitance Cp’ upon the phase 
angle of Zsp’-very small. Hence, the net effect of the 
losses in the distributed capacitance of the transformer 
was to prevent a satisfactory Wagner-ground balance 
with this circuit. Subsequent study indicates that the 
insertion of a suitable variable self-inductance in series 
with the arm gb’ would have made possible a perfect 
Wagner-ground balance in accordance with equation (1). 

Also, it was found that the value of R; required for a 
bridge balance showed a surprisingly large variation 
with a small change in the adjustment of the Wagner- 
ground balance. In an effort to determine if the pres- 
ence of the stray capacitance C, between the low poten- 
tial side of the C, condenser case and the grounded 
shielding was responsible for this effect, a mathematical 
analysis of the bridge circuit was made including this 
capacitance. Because of its similarity to the analysis of 
the audio-frequency bridge with Wagner ground given 
in Appendix II, this derivation is not given. 

This analysis yielded an astonishing result. It indi- 
cated that the presence of this stray capacitance had an 
entirely negligible effect upon the capacitance of the test 
specimen as measured by the bridge but resulted in a 
very serious error in the measured value of its equiva- 
lent series resistance and consequently its power factor. 
The solution showed that the value of R., as measured 
must be multiplied by the factor [1 + (Cs/C.’)] where 
C,’ is the capacitance of C, for the balance with lead h 
not in contact at p. 

With the shielding in use at the time of this discovery, 
this correction factor had a value exceeding 2. C, was 
somewhat greater than C,’. This meant that the 
measured power factors were less than 50 per cent of the 
true power factors. The shielding was then moved a 
considerable distance away from the cases of the con- 
densers C; and C, considerably reducing this correction 
factor. 

In view of the entirely satisfactory development of the 
Dawes-Hoover high-voltage bridge at that time and the 
ground balance and correction factor difficulties en- 
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countered with this substitution bridge, it was finally 
abandoned as applied to high-voltage measurements. 


A Low-VOLTAGE AUDIO-FREQUENCY BRIDGE USING 
THE PARALLEL SUBSTITUTION METHOD 


The bridge circuit of Fig. 2 was later used in making 
power factor measurements at audio frequencies. It 
was found that a considerable variation in the measured 
value of R, was obtained as different settings of the 
balancing condenser C, were used. This indicated the 
probability of the existence of a stray capacitance error 
similar to that found in the high-voltage bridge. The 
only essential difference between the circuits of Figs. 1 
and 2 is the interchange of points of application of power 
input and detector, the circuit of Fig. 1 being preferable 
for high-voltage work and that of Fig. 2 for low volt- 
ages due to its symmetry. 

It thus became advisable to derive the bridge equa- 
tions taking into consideration the effect of the stray 
capacitance to ground C, of the metal case of the con- 


denser Cy. This derivation is given in detail in Appen- 
dix IJ. Withswitch son point e, it is shown that 
Gx SAGs (2) 
Rx = ARs (C3'/Cx)? 1 + [Co/C,]) (3) 
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Fig. 3—Capacitancre BrincEe with WAGNER GROUND 
where A C; is the change in capacitance of the precision 
condenser C’; between the two bridge balances, with and 
without lead h in contact at p, AR; is the change in 
resistance of R; between the two bridge balances, and 
C;’ is the capacitance of C; for the balance with lead h 
not in contact. ; 

In these balances, it is often necessary to have R; in 
arm db when balancing with lead h# in contact and in 
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arm ad when balancing with lead # not in contact. In 
this case, equation (7) becomes 

Rx =[Rs(l + {06/Ca} )—Rs’ (1+ {Cr/Cs'}) ](Cs’/Cx)? (4) 
where FR; and R;’ are values with lead h in contact and 
not in contact respectively. Obviously, with point e at 
ground potential, C; will have no effect on the balance, 
while with point f at ground potential the same will be 
true of C;. Hence, only one of these stray capacitances 
can effect a single balance. 


Fig. 4—RECOMMENDED TYPE oF CAPACITANCE BRIDGE 

A suggestion that the ground should be removed to 
point d, Fig. 2 was made by Professor Robert F. Field, 
then of the Cruft Laboratory. He later caused this 
change to be made in a commercial instrument.? The 
derivation of the bridge equations for this ground posi- 
tion, given in Appendix II, shows that the error due to 
stray capacitance is practically eliminated. 

Fig. 3 shows this capacitance bridge circuit using a 
Wagner-ground connection instead of a direct ground. 
In Appendix II, the equations for this bridge are shown 
to be identical with equations (6), (7), and (8). There- 
fore, the error and correction factor are not eliminated 
by the use of a Wagner ground connection. 


A RECOMMENDED LOW-VOLTAGE AUDIO-FREQUENCE 
CAPACITANCE BRIDGE USING THE PARALLEL 
SUBSTITUTION METHOD 

The capacitance bridge shown in Fig. 4 is essentially 
similar to the precision audio-frequency bridge of the 
Leeds & Northrup Company? with the addition of a 
Wagner-ground connection and the incorporation of 
both standard and auxiliary condensers into the bridge 
unit. Although less flexible, this single unit construc- 
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tion is advantageous when used for this particular type 
of measurement. No variable resistance is required 
other than that in the Wagner-ground connection. 
Since the rotor and shields of the four variable con- 
densers are all brought to ground potential by the bridge 
and Wagner-ground balances, no stray capacitance error 
similar to that previously described exists. 

In making a measurement, the auxiliary condenser C, 
is set at some convenient value of capacitance depend- 
ing upon the capacitance C, of the test specimen; lead 
h is placed in contact at p; and a balance is obtained 
with switch S on point f, by variation of the capacitance 
of the precision condenser C3; and of the condensers C, 
and C,. A Wagner-ground balance is then obtained 
with switch S on point e, after which switch S is returned 
to point f and a final bridge balance obtained. This 
three-step process is then repeated with lead h just re- 
moved from contact at p. The capacitance C, and 
power ratio 7., (ratio of resistance to reactance), of the 
test specimen are given by the equations: 

Cx = C;'— Cs (5) 
nx = [C'3'/Cx] [R. (C2 rT C.’) eekeg (Cy as C1’)] (6) 
where the primes denote the capacitances of the con- 
densers for the balance with lead h just removed from 
contact at py. The derivatives of (5) and (6) are given 
in Appendix III. Since R,; and R, are equal in the con- 
struction of this bridge, these equations reduce to 

Cx + AC; (7) 

Nx = wh, (AC, — AC 2) (C3’/Cx) (8) 
where AC,, AC2, and ACs, are the increases in the capaci- 
tances of these condensers for the second balance over 
their values for the first balance. Usually but one of 
the condensers C, and C, will need to be varied and 
either AC, or AC; will be zero. ; 

If the power ratio 7, is low so that the tangent, (7.), 


and sine of the phase angle of C, are approximately ~ 


equal, equation (8) gives the power factor directly. 
Otherwise the power factor is given by the equation: 


(power factor)x = sin tan“ x 


CONCLUSIONS 


The form of capacitance bridge shown in Fig. 4 has 
the following advantages: 

1. All operating controls are at ground potential re- 
ducing the effects of hand capacitance to a minimum. 

2. The bridge is entirely self-contained except for 
oscillator, amplifier, and telephone receivers. 

3. All parts are totally shielded except the high-po- 
tential terminal for the high-potential lead h to C,. 

4. All controls are continuously variable. 

5. The bridge may be constructed entirely of stand- 
ard parts, the shielding excepted. 
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Appendix I 


DERIVATION OF EQUATIONS FOR THE CAPACITANCE AND 
POWER FACTOR MEASUREMENT OF DIELECTRIC 
SPECIMENS USING THE PARALLEL SUBSTITUTION 
METHOD AND BRIDGE CIRCUIT OF Fic. 2 
In Fig. 5 are shown the equivalent series circuit and 
the equivalent parallel circuit of an imperfect condenser. 
Since Zp must equal Z g, it is easily shown that 
Rsg— J (1/@Cs) = [Re/(1 + Rp?w?Cp?)] 


ee y) [Rp?wCp/(1 + Rp? w?Cp?) | (10) 
Vinvilf \ 
A Cp 
B 


Fie. 5—EQUIVALENT SERIES AND PARALLEL CIRCUITS OF AN 


IMPERFECT CONDENSER 


The angle of defect of the condenser is given by 
= tan! (1/RpwCp) (11) 
If 6 does not exceed 1 deg., tan.@ S 0.0175 and 
Rp? w?Cp? Ze 3,260. Therefore, Rp? wCp? SS shane 
equation (10), to a degree of approximation equal to or 
better than 0.0306 per cent, gives 
Rs = 1/RpwCp? (12) 
Cg = Cp (13) 
The ratio of the equivalent series resistance to reac- 
tance of an imperfect condenser is defined as the power 
ratio, ns. 
ns = Rgwls (14) 
This is obviously equal to tan @ where 0 is the angle of 
defect of the condenser. If ns S 0.1, 73? S 0.01 = 
1/Rp? w?Cp?. Then Rp? w?Cp? = 1/ns? = 100, and the 
approximations of equations (12) and (13) are within 
1 per cent. As will be seen from equation (10), the 
approximate value of Rs exceeds the true value by this 
percentage while the true value of Cs exceeds the ap- 
proximate value by this percentage. The approxi- 
mation in per cent is about 100 73°. 
With two imperfect condensers in parallel, each hav- 
ing a small angle of defect, the equivalent series resis- 
tance and capacitance of the combination may readily 
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be found. In Fig. 6, it is desired to find the constants 
of the equivalent series circuit shown in (D) to make it 
equivalent to the given circuit (A). This may be done 
to a high degree of approximation, by using equations 
(12), (13), and (14) and taking the two intermediate 
steps illustrated in (B) and (C). 


Rap = 1/RagwCas” = 1/nageCas (15) 
Cap + Cas (16) 
Rgp 2 1/Rzpsw*Czs? = 1/naseCes (17) 
Cop + Cas (18) 
Cass = Canp = Car + Cup = Cas + Cas (19) 


Rass = Tits pp w?C app? = (nas wCast NBS wp, s)/ “Caps 
(20) 

NABSCABS as nasCas as npsCzs (21) 
Equations (19) and (21) may be carried out for more 
than two condensers in parallel, and as long as the 
separate values of 7 are sufficiently low, the value of 7C 
for the parallel combination will be the sum of the values 
of’»C for the separate units, and the total capacitance 


Kap 
C 
RBp 
Res CB, 
A CBp 
B 
RABp Raps CABg 
CaBp “WW * 
Cc 


Fig. 6—Two Imrerrect CONDENSERS IN PARALLEL 


will be the sum of the separate capacitances, to a high 
degree of approximation. 

A good variable condenser, such as must be used as a 
precision standard in this type of measurement, will 
have a minimum amount of stator supporting dielectric 
material placed where the electrostatic field is weak and 
where the movement of the rotor plates causes practi- 
cally no variation in the flux distribution. This air con- 
denser may then be considered as a variable perfect air 
condenser in parallel with a small ‘‘zero’’ capacitance 
containing the equivalent series resistance which repre- 
sents the loss in the stator supporting dielectric material. 
Fig. 7A shows the equivalent circuit of the precision 
variable condenser and (B) and (Cc), the steps taken in 
finding its equivalent series resistance and capacitance 
as shown in (D). 

By equations (12), (13), and (14) 


Css = Cop + Cop +C + Cos +C (22) 
Rss = 1/RopwC ss? = Rogw*Cos?/wC gs? (23) 
nssCss + nosCos (24) 
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This last equation indicates that the value of 7C 
of the precision condenser is approximately a constant 
regardless of the setting of the rotor plates. This is true 
to a very high degree of approximation. 

The parallel substitution method of capacitance and 
power factor measurement is illustrated in Fig. 8. In 
using this method, the bridge is first balanced with the 
test specimen Cx connected in parallel with the pre- 


C 
C 
Cop 
Ros Co ; 
§ S Rop 
A 
B 
D 
C 


Fig. 7—PrReEcrision VARIABLE CONDENSER 


cision condenser C;. If R; and R, are equal pure resis- 
tances, as is generally the case, the power ratio 73x of 
the parallel circuit 3X must be equal at balance to the 
power ratio of-the balancing arm, (Rs + R,)wC,; also, 
the capacitance Cx of the parallel circuit must be equal 
to Ce 

The value of 7C of the combination 3X is found by 
equation (21). 


nsxC3x = nsC3 + nxCx (25) 


S—PaRALLEL SusstTirution Mreruop 


The lead h from the high tension side of the standard 
condenser, C3, is then just removed from contact with 
Cx at p and the bridge rebalanced by adjustment of C; 
and F#;, C; being held constant. For this second balance, 
denoted by primes, the power ratios of the arms 3 and 4 
must be equal and also C;’ = C,. 


Therefore, n3'C3’ = (Rs’ + Ri) wC2 (26) 
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In the first balance, 
nsC'3 + nxCx = (Rs + Ri oC 2 (27) 


By equation (24), 7C for the precision condenser is con- 
stant, so 


ns'C3’ = nsCsz (28) 
Subtracting (26) from (27), and using (28), 
nxCx = (Rs = R;') wl 2 (29) 
RxwCx? = ARswC 2 (30) 
But since C, = C;’, 
Rx = AR;(C3'/Cx)? (31) 
Cx = AC; (32) 


Fte. 


9—CaAPACITANCE BRIDGE, GROUNDED AT ¢ 


where AR; is the change in resistance of R; and AC; the 
change in capacitance of C; between the two balances, 
and C;’ is the value for the balance with lead h not in 
contact. 


Appendix II 


DERIVATIONS OF EQUATIONS FOR THE BRIDGE CIRCUITS 
OF Fics. 2 AND 3 CONSIDERING EFFECT OF STRAY 
CAPACITANCE C, 


Referring to Fig. 9 and writing the equations for 
balance, 


(I, + I3) Z1 = 1oZs (33) 
TZ. = 125 + Ie + Is) Zs (34) 
I,Z5 = 13Z¢ (35) 


Solving these equations simultaneously and eliminat- 
ing the currents, the equation of balance is found to be 
(Z2/Z1) Zs = [(Z2 + Zs)/(Ze) +1] Zs + Ze (36) 

If, as is usually the case, Z; is made equal to Z2, the 
last equation becomes, after substitutions, 

R; aay a (1/wCs) 
R, + R,- "7 (1/wC,4) 


a One CL Rs + Ri—j (1/wCs) 
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ty [= {(R, oe R,) On = 4 1} 
* On {RewCs = a1} 


ete 7 ih) wCa) 


fia R 


ap | eee) . 

tLe Ce Gia ere et eet al Saal) 

» Cs (n2ane + 1 + Jno — Jn) A 

=i CoGeae 1 | R + Bi 7 Goo, 


(37) 

These second order 7 terms are negligible compared 
with unity, since they are of the order of magnitude of 
the squares of power ratios of air condensers. Therefore 


Ry—j (1/wCs) = [(Ce/Cs) (1 + Joa — ns) + 1] Rs 


4 Rap (pac) (38) 
Equating the real parts of (38), 
R; = [(Ce/Cs) + 1] Rs + Ry (39) 


This last equation shows that correct results can only 
be obtained for the resistance component of balance 


Fig. 10—Capacirancr Brings, GROUNDED at d 


when the value of FR; for each balance is multiplied by 
the factor [1 + (C,/C,)]. 
Equating the imaginary parts of (38), 


— (1/C;3) = (Co/C4) (nea — 6) Rs — (1/ wy) (40) 
This can be written 
1/C3 = [— 156 (n24— ne) + 1)/Cs (41) 


Since the second order 7 terms are negligible com- 

pared with unity, 
C3 = C4 (42) 

This last equation shows that no error in the capaci- 
tance measurement is caused by the stray capacitance 
Co. 

Referring to Fig. 10, it is obvious that Z; is paralleled 
by Zs. This parallel impedance is given by 
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Z3L6 R;(Re—Jj /wCs)]  Rs(ae—J9 1) As before, this results in the relation 


Ze — 


Zs + Ze 7 R; + Re a j(1/@Cs) ie 156 J 1 Gs = Ci (55) 
= Rs [nenss + 1 +7 (ne — ns6)]/(ns6° + 1) Equations (53) and (55) show that the correction 
= Ret jis t— eres) (43) factor for R; still exists when a Wagner-ground con- 

Hence, R; = R; + Ry (44) nection is used although there is no error in the mea- 
Fes Se eee (LOC (45) sured value of capacitance. 
Cy = C3 (1+ 1°) = Cs (46) Appendix II 


DERIVATION OF EQUATIONS FOR RECOMMENDED 
CAPACITANCE BRIDGE 


Referring to Fig. 12 and assuming a balance with the 
lead h in contact at p, the impedance of arm ac is 
Ry (ry = 91/ wl) x: RoariwGs = aR, 
R, Se f= q1/ Cy as (Ry at 11) on OF = at 


ij Ly = 


Riri (Ri+nri) wC 2+ R,+)[Rir,@Ci— Ri(Ri+1ni) wy] 
(Ry -- 11)2w?C 2 4. 1 


BiG? +1)—-JRVP oC, 
hs iorggee 


=R,—jR2wC, = Ri(1—Jm1) 


(56) 
since the 7? terms are negligible compared with unity. 
Similarly, the impedance of arm cb is 


Z, = Ry— jR2wC, = Rk, d= jn2) (57) 
ae The condition of balance is that 
ics Z1/L2 Ee Z3x/Z4 (58) 


Fie. 11—Capacirance Brince with WAGNER-GROUND 


Coens The second balance is obtained by just removing the 


lead h to Cx from contact at p, leaving C, at its original 


There is therefore no appreciable correction due to the 
stray capacitance C;, for this ground connection, at least 
not in the audio-frequency range. 

Referring to Fig. 11 and writing the equations of 
balance, 


IZ; —— Moe | (47) 
EVES == ToZ45 + (Je + I3) Zs (48) 
IZ; =a I;Z5 (49) 


Solving these equations simultaneously, eliminating 
the currents, the equation of balance is found to be 


(Z2/Z1) Lig — [(Z4/Ze) ob 1] Zs +- Za (50) 
Setting Z, = Z. and substituting, 
Rs = fi (1/a@€3) 


i en |e de Reali Fic. 12—R Cc B 
B= y Gfua, 5 a—j A/wC,) (51) 1a. ECOMMENDED CAPACITANCE BRIDGE 

' Treating this last equation in the same manner as setting, and rebalancing the bridge by variation of C; 
rai (37) gives the equation and either or both C, and C... Denoting this second set 

Rs—j (1/wCs) = [(Ce/Cs) (1 + 3na — Jne) + 1] Rs of values by primes, the condition of balance is 

| + Ry— Jj (1/ aC) (52) Kos sim (59) 
Equating ete parts of (52), Dividing (58) by (59), 
: Re & [(Cs/Cgh ae Wikey te bee (53) 
Equating the imaginary parts of (52), a 41/2: = 2 (60) 
G12.) Zs! ' 


— (1faCi) (Ci Cd Gi — 10 Bil Oy ean oa) 
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Hanne Riis gg 
Z, ~ Rs — jm) 


Ry (1 + nine + i, (no — 1) | 
R, (1 oe 72”) 


1 


teak 
autre (1 +9 (n2— m)] 


(61) 


since the 7? terms are negligible compared with unity. 
Similarly, 


Z1'/Zo' = (Ri/Re) (1 — 9 (n2’ — 1')] (62) 
Zsx = Rsx — Jj (1/@Csx) = (msx — 91)/wCsx (63) 
Z3' = R3' —7 (1/@C3’) = (ns’ — 71)/wC3’ (64) 

Hence, (60) may be written 
Dey is 44) 2 C3’ (naz — J1) (65) 
ge re Oss 7 L) 
Rationalizing, 


De Ge) ie = A at Fe = 1) = (n2” — 91") ] 
Is AG ee ty 
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a Cs’ Insz ns’. + 1+ (naz — 93')] (66) 

¥ C32 [(ns’)? + 1] 

Since the second order 7 terms are negligible com- 
pared with unity, (66) becomes 


1491 (m2 1)— (m2’— m1’) ] = (C3’/C 2) [1 +) (na2—73')] (67) 
Equating the real parts of (67), 
Cx = C;’ (68) 


By equation (19), Appendix I, C3x = C3 + Cx, and 
hence 


Cx == Gx aie (OF VN Cs (69) 
Equating the imaginary parts of (67), 
(nz — 1) — (m2” — m1’) = (C3’/Cs2) (sz — 13") (70) 


By equation (21), Appendix I, 7sxC3x =sC3+nxCx; 
by equation (24), Appendix I, 7;C3 = 73’C3’; and by 
equation (67), C3x = C;’. Substituting these relations 
in (70) gives the equations 


C3’ [(m2 — 01) — (n2’ — m1’)] = nxCx 


1X =. GW) (C3'/Cx) [Re (C2 a C2’) ribs (Cy i C1’)] (72) 


An Automatic Oscillograph 


BY Cc. M. HATHAWAY* 
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INTRODUCTION 


LTHOUGH neither the oscillograph nor the art 
A of oscillography is new, it has only been within 

the last few years that the oscillograph has been 
recognized as a thoroughly practical and necessary 
instrument for analyzing and solving many of the 
problems of operating engineers. This change in the 
status of the oscillograph from that of a laboratory 
device to an instrument of practical field utility has 
resulted from many recent improvements and simpli- 
fications in design, and from an increased demand for 
that type of instrument in modern engineering practise. 
Problems have arisen as a result of the new era of 
extensive interconnection of large power systems and 
of the high-speed operation of switches and circuit 
breakers that only an oscillograph can solve, and an 
oscillograph for such applications must have character- 
istics that are not found in those designed for more 
general uses. An oscillograph for such applications 
must, of course, be fully automatic because short 
circuits and faults are usually unanticipated; it should 
be able to take a considerable number of records suc- 
cessively whether the faults follow each other in rapid 
succession or are days or weeks apart, and it should 
start recording in as short a time as possible following 
the beginning of the initiating disturbance. With 
present-day oil circuit breakers having an operating 
time of eight cycles or less, and with relays which 
operate in one-quarter of that time, the oscillograph 
should certainly start its record in not more than one- 
half cycle. The automatic oscillograph described in 
this paper has been designed to meet the demand that 
has resulted for such an instrument by the advent of 
high-speed switching and relaying, and by the modern 
practise of clearing short circuits with extreme speed. 


DESCRIPTION 


The automatic oscillograph described herein will 
start recording with full speed within one-half cycle on 
a 60-cycle system after the current in the operating 
coil of its starting relay exceeds the critical tripping 
value. An oscillographic record is then taken at the 
rate of about 12 in. per second for a predetermined 
length of time that may be adjusted at will from 2 to 
20 seconds, or until the disturbance is over if the fault 
outlasts this duration setting. The oscillograph will 
then stop recording, and will wait with no parts in 
motion for the next fault. The records are taken 
directly on sensitized paper 414 in. wide, and since a 
200-ft. roll of this paper may be inserted in the oscillo- 

*General Electric Company, Schenectady, N. Y. 
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and 


graph at one time, a great number of faults may be 
recorded in succession without intermediate attention 
of any kind. The roll of sensitized paper is placed in 
the right holder on top of the oscillograph, Fig. 1, and 
as it is exposed it is wound into the left holder. The 
left holder may be removed from the oscillograph at 
any time if it is desired to develop and examine the 
records it contains without waiting for the entire 
200-ft. roll of paper to be exhausted. 

The oscillograph contains six galvanometers, and 
each galvanometer may be used to measure either 
current or potential. The galvanometers are of the 
permanent magnet type. They employ the familiar 


Fig. 1—AvromaTic OsScILLOGRAPH SHOWING RECORDING 


PaprR IN PLACE 


bifilar type of moving element, and the records pro- 
duced are truly oscillographic, showing wave shapes 
and phase relations as well as absolute magnitudes. 
The curves are traced on the sensitized record paper by 
small beams of light reflected from mirrors attached 
to the galvanometer moving elements. The light is 
obtained from a standard 6-volt, 32-cp. automobile 
headlight lamp that burns continuously. 

Although no parts are in motion except during the 
time that the oscillograph is actually in operation, it 
will start its record within one-half cycle after the 
current in the starting relay exceeds the critical value. 
The method of obtaining this high starting speed will — 
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be made clear by an explanation of the schematic 
diagram of the optical system shown in Fig. 2. Re- 
ferring to this figure, a spherical lens A focuses an 
image of the lamp filament B upon the front of the 
galvanometer H. The diverging beam from the gal- 
vanometer mirror passes through the cylindrical lens 
F and is reflected upward by the plane mirror G to the 
sensitized record-paper surface at K. An adjustable 
slit aperture D is placed between the source and the 
galvanometer, making it possible to vary the width 


AUTOMATIC OSCILLO- 


2—ScuEematic DIAGRAM OF THE 
GRAPH OpTicaL SYSTEM 


Fig. 


Only one galvanometer element is shown 


of the light spot at K. When the starting relay is 
tripped, the mirror G rotates about the axis J and 
moves the spot of light from K to L along the sensitized 
surface, tracing the wave of the quantity actuating 
the galvanometer. While the spot of light is moving 
from K to L, the record paper is itself started in motion 
in the direction of the arrow, so that after the spot 
reaches the final position L the record is continued by 
the movement of the paper itself. This device renders 
it unnecessary to start an appreciable mass in motion 
in such a short time or to keep it in motion continually 
in anticipation of a disturbance to be recorded. At- 
tached to the mirror G is a shutter vane H that inter- 
cepts the beam and prevents it from striking the 
record paper when the oscillograph is not in operation 
and the mirror G is in its extreme counter-clockwise 
position. A small rotation of G about its axis drops 
this shutter below the path of the light beam. 

While the oscillograph is not recording, the mirror 
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G, Fig. 2, is held in its extreme counter-clockwise 
position by the attraction of an electromagnet for an 
armature attached to the mirror shaft. The armature 
and the holding electromagnet are shown just below 
the record paper guides in Fig. 1. When the starting 
relay is tripped, this electromagnet is de-energized, 
the armature is released, and a spring rotates the 
mirror clockwise. ‘The movement of the mirror is 
retarded by an oil dash-pot. Since the tension of the 
spring decreases as its elongation is decreased, the 
mirror moves with a retarded motion that combines 
with the accelerated motion of the record paper to 
produce an approximately uniform motion of the light 
beam relative to the record paper. 

The starting relay is shown in the lower right-hand 
corner of the panel in Fig. 1. Its operating coil is 
intended to be connected directly in the secondary of 
a current transformer in the neutral connection of a 
generator or a transformer bank. Its armature is 
ordinarily held in the downward position by a small 
permanent magnet against the pull of a spring and the 
operating coil. Excessive current in the operating coil 
will pull the armature away from the permanent 
magnet, and since the attraction between the magnet 
and the armature is greatly diminished as soon as the 
contact between them is broken, the armature moves 
at a high speed when the current in the operating coil 
only slightly exceeds the tripping value. This device 
renders the starting speed of the oscillograph more 
nearly independent of the amount by which the current 
in the starting relay exceeds the tripping value. 

The length of the record produced after each tripping 
of the starting relay is governed by the cam mechanism 
shown just to the left of the starting relay in Fig. 1. 
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3—SEcTION SHOWING: THE BEGINNING OF A RECORD 
TAKEN ON THE AUTOMATIC OSCILLOGRAPH 


This mechanism is driven by the motor that drives 
the record paper, and it may be adjusted to produce 
oscillograms of definite length of from two to twenty 
feet. It cannot, however, stop the oscillograph while 
the fault persists, so it is usually advisable to set it to 
produce the minimum record length of two feet. The 
oscillograph will then operate for only two seconds 
following a switching surge or a fault that is imme- 
diately cleared, but will automatically continue opera- 
tion as long as the fault may persist. A counter is 
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provided to record each operation so that the inspector 
may at any time determine the number of records the 
instrument has taken. A contact is also provided that 
may be used to closean alarm circuit during operation 
or to actuate a recording instrument or other type of 
time-recording device so that the exact time of each 
fault may be subsequently determined. 

The power required for driving the record paper, 
for operating the lamp, and for energizing the holding 
magnet may be conveniently obtained from an ordinary 
automobile storage battery. The battery may be 
floated across a small charger that supplies continually 
enough current in excess of that required by the 
oscillograph while it is not’in operation to keep the 
battery in good condition and always in readiness 
for service. 

APPLICATION 


This new automatic oscillograph may be applied to 
a power system to obtain a continuous check on the 
operation of the system equipment, or for special 
investigation of some transient phenomena which 
occurs during a system disturbance. The following 
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BREAKER OPERATION 


are some of the most common factors, which are of 
considerable interest during any system disturbance. 

1. The three-phase voltages on the station bus. 

2. Sequence and time of operation of relays and oil 
circuit breakers. 

3. Phase and neutral currents. 

4. Kilowatts of generators or tie-lines. 

5. Action of voltage regulators. 

6. Generator speed and governor operation. 

7. Pressure in penstocks, oil circuit breakers, etc. 

An over-current relay is furnished to start the 
oscillograph when a disturbance occurs. This is usually 
connected to a current transformer in the grounded 
neutral of a power transformer bank. By connecting 
such current transformers in parallel the oscillograph 
may be started by any one of several neutral grounding 
connections. 

In some locations it is impossible to obtain neutral 
current to start the oscillograph, and undervoltage or 
overvoltage is the desired indication for the oscillograph 
to come into operation. Additional relays which will 


operate under these conditions are available and can be 


AN. AUTOMATIC OSCILLOGRAPH 


Transactions A. I. E. E. 


arranged to operate in parallel with the overcurrent relay. 

When the oscillograph is used as an aid in the analysis 
of system opezation, it is often installed at a station 
which has a number of important transmission lines 
radiating to other sections of the system. The useful- 
ness of the oscillograph can be greatly increased in 
such a location by the use of circuits similar to that 
shown in Fig. 4. Such a circuit will not affect the 
continuously recorded wave and will also show which 
oil circuit breaker operated, and the length of time 
for its relay and mechanism to function. With this 
circuit the zero line of the continuously recorded wave 
will be off-set when the relay contacts close and will 
return to normal when the oil circuit breaker opens. 

During the past summer, one of these automatic 
oscillographs was installed at a main substation of a 
large operating company. More than 200 records of 
disturbances were obtained. Some records show condi- 
tions of instability, double-circuit faults with attendant 
slow relaying have been common, and two interesting 
records show the current decay as the arc of a short 
circuit to a steel tower blew away from the insulator 
string and finally went out entirely. Several cases of 
incorrect equipment operation have been found which 
otherwise would have been overlooked. 


CONCLUSIONS 


A new automatic oscillograph has been described 
which has been designed primarily for the recording of 
chance and unanticipated disturbances in power sys- 
tems and in electrical machinery. Chief among the 
characteristics which render it useful for the applica- 
tions for which it was designed are the following: 

1. It can be automatically started by the disturbance 
which it is intended to record, and it automatically 
continues in operation until that disturbance is over. 

2. Although no parts are in motion while it is not 
actually recording, it starts recording at full speed 
within one-half cycle of a 60-cycle system after the 
current in the starting relay exceeds the tripping 
value, regardless of the amount by which it may 
exceed this value. 

3. Since a 200-ft. roll of record paper may be in- 
serted at one time, it is capable of taking a large 
number of records in succession without intermediate 
attention. The records obtained may be removed at 
any time without waiting for the entire 200-ft. roll to 
be exhausted. 

4. The records obtained are eae oscillographic, 
and the speed is great enough to show wave shapes 
and phase relations as well as absolute magnitudes. 

5. The records are taken directly on sensitized paper 
that is cheaper than film and that produces black lines 
on a white background immediately after development. 

6. The automatic oscillograph may be used to obtain 
a continuous check on relay operation and oil circuit 
breaker performance, as well as records of currents, 
voltages, power, governor operation, penstock pressure, 
ete., during disturbances. 
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Discussion 


Wm. G. Walker: During the summer of 1930 the development 
model of the automatic oscillograph described today was installed 
at the Plymouth Meeting Substation of the Philadelphia Electric 
Company on the Pennsylvania-New Jersey 220-ky. intercon- 
nection lines in order to obtain field experience in the application 
of such an instrument for recording transient disturbances. 


The results of this preliminary installation provided both the 
manufacturer and the operating company with valuable data 
showing what might be expected from the application of such an 
instrument to this purpose. Several of the suggestions advanced 
by the men responsible for maintaining the instrument during 
this experimental period have been incorporated in the com- 
mercial model. 


A commercial model of the device was installed, in conjunction 
with other oscillographs, at Plymouth Meeting Substation 
August 6, 1931, and remained in service until temporarily re- 
moved for use elsewhere on January 13, 1932. <A record of the 
performance during the 160 days it was installed is of interest. 

During this time there were 63 operations from all causes, in- 
cluding testing, as contrasted with the experience cited in the 
paper covering another installation. Of the 63 operations 21 
were the result of system disturbances initiating the instrument. 
There were 57 correct records obtained. The failures to obtain 
correct records were due to the following causes: 

Three were lost as the result of a burnt out lamp within an 
interval of 40 minutes. 


Two were lost as the result of improper loading within an 
interval of 4 minutes. 


One was lost due to the oscillograph being blocked in the in- 
operative position for a switching operation. 

It will be seen from the above detailed causes that none of the 
records was lost through failure of the instrument to function. 


At the time the records were lost due to a burnt out lamp, data 
were being accumulated to determine the actual life of these 
lamps. Sufficient information had already been obtained to 
indicate that the lamp in question should have been replaced. 


The two records which were chargeable to improper loading 
were directly due to improper maintenance. The case in which 
the record was lost due to the oscillograph being blocked, was the 
result of operating instructions issued to reduce the cost of 
maintenance on other oscillographs on the system, and the un- 
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necessary consumption of film resulting from their initiating on 
unimportant switching transients. 

The earliest experience with the device indicated that the 
standard Mazda 32-ep. automobile headlight lamp No. 1133 had 
an average lamp-life of 12.8 days at 6.6 volts battery. Just prior 
to the temporary removal of the commercial instrument, a new 
lamp for this purpose was being investigated. At the time the 
installation was removed the new lamp was still burning satis- 
factorily after 16 days service. The performance of this new 
lamp indicates that the lamp-life question has probably been 
satisfactorily answered although the data are not conclusive. 

No particular difficulty was encountered in stabilizing the 
charge on the supply storage battery to give the desired voltage 
at the oscillograph terminals. This was accomplished by insert- 
ing adjustable resistance in the primary of the tungar charger, 
observing the gain or loss in battery voltage with the oscillograph 
connected, and making the necessary adjustments until stability 
was obtained. 

It is our opinion that the ability of this instrument to take 100 
consecutive 2-ft. records, without attention, is a considerable ad- 
vantage where an instrument of this type must be installed at 
locations which are more or less remote from the headquarters 
of a specialized maintenance group. Although operating men 
can be trained to service oscillographs satisfactorily, still at the 
same time it must be remembered that at times of major system 
disturbance their primary concern is restoration of normal ser- 
vice. With the instrument under discussion the only duty which 
develops upon the operator is to log the operation and its corre- 
sponding number on the operation counter. 

Our experience indicates that the frequency of inspection of 
this instrument depends entirely upon the life of the lamp and 
this may result in a two or three week period, depending upon the 
results obtained with the new lamp. These lamps are made to 
very close specifications and may be replaced by the regular 
operating force without disturbing the light focus enough to 
interfere with the operation of the instrument. There is ap- 
parently an adequate supply of light to obtain satisfactory 
records with a lower voltage than 6.6 volts applied to the oscillo- 
eraph but it is our opinion that the quality of the records should 
not be jeopardized in this way. 4 

The instrument is interchangeable for either table or panel 
mounting. Standard switchboard terminal studs are used when 
it is panel mounted, thus permitting all wiring to be installed in 
accordance with local standards. 


The Photoelectric Recorder 


BY C. W. La PIERRE: 


Associate, A.I.E.E. 


INTRODUCTION 


HE usual direct-acting recorders are the heavier and 
a higher torque counterparts of corresponding indi- 
cating instruments. Although such recorders have 
some highly desirable characteristics, such as a continu- 
ous record and a rapid response, they cannot be made to 
approach indicating instruments in sensitivity. 
The photoelectric recorder combines all the advan- 
tages of direct-acting recorders with those of the most 
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sensitive indicating instruments. This is accomplished 
by providing a separately excited recording element to 
do the actual work of making the record. A sensitive 
indicating instrument controls the position of the re- 
cording element so that the record obtained represents 
the readings of this basic instrument. The loss in the 
sensitive basic instrument is the only power required 
from the measured circuit. 

The link between basic and recording elements con- 
sists of a combined optical system and photoelectric 
circuit. The basic element itself rotates a galvanom- 
eter mirror through an angle corresponding to its read- 
ing, and can be even more sensitive than the usual indi- 
cating instruments with pointers. On the other hand, 
the recording element may readily possess as much 
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torque and be as heavy and sturdy as desired without 
affecting the basic element or measured circuit in any 
way. 

- Asa result, the photoelectric recorder possesses all of 
the desirable characteristics of direct-acting recorders, 
and at the same time is capable of a sensitivity and a 
rapidity of response equal to the highest sensitivity 
indicating instruments. In general, anything which can 
be indicated can now be continuously recorded by means 
of the photoelectric recorder. 

DESCRIPTION 

An external view of one form of the photoelectric 
recorder is shown in Fig. 1. The instrument is com- 
pletely self-contained requiring only an auxiliary source 
of 115 volts, 60 cycles. It is available for either portable 
or switchboard use. 

The internal parts of the photoelectric recorder may 
be grouped into five units: namely, the basic indicating 
instrument or galvanometer, optical system, recording 
element, chart carriage, and power unit. The relative 
location of the various units is shown in Fig. 2. 

The Basic Instrument is the only measuring device 
within the recorder. Ample space is available for in- 
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Wie. 2—INnTERIOR oF THE PHOTOELECTRIC RECORDER 
cluding almost any type of normal size instrument ele- 
ment. For use in the recorder their pointers are re- 
moved and replaced by a small galvanometer mirror 
usually mounted on the axis of rotation, just above the 
basic instrument proper. A typical mirror and mount- 
ing for this purpose weighs approximately 0.07 gram. 

The Optical System includes mirrors on the basic and 
recording elements and the fixed reflectors shown in 
Fig. 83. A schematic diagram of the complete system is 
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illustrated by Fig. 44. Fig. 3 also shows side reflectors 
which are for the purpose of directing the light into the 
photoelectric tubes when it fails to strike the dividing 
reflector. 

In general, the optical system comprises a group of 
reflectors, so arranged that whenever an angular dis- 
placement between the recording and basic elements 
occurs, there will be a shift in the light distribution 
between the photoelectric tubes, of the proper direction 
to react on the recording element and reduce the dis- 
placement to zero. Thus the optical system always 
acts to maintain the recording and basic elements in the 
same angular position. 

The manner in which this is accomplished may be 
determined by inspection of Fig. 44. The important 
reflectors in this group are: the basic element mirror A, 
the curved reflector B, the recording element mirror C, 
and finally the dividing reflector D which splits the light 
and reflects each portion into its photoelectric tube. 
The recording and basic elements are usually located on 
the same axis, or very nearly so, although this is not 
necessary for successful operation of the instrument. 
The lamp and condensing lens converge a source of light 
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upon the basic element mirror A, from which it is re- 
flected to the curved mirror B. The point at which the 
light strikes the mirror B will depend upon the angular 
position, or in other words, ‘‘the reading’ of the basic 
- element. Regardless of where it strikes B, however, it is 
reflected to C. The angle at which the light leaves C will 
depend upon the angle at which it arrived from B and 
also upon the position of the recording element. When 
C and A are parallel, however, the light will leave C and 
split evenly upon the dividing edge D. This holds re- 
gardless of the actual position of A and C; the only re- 
quirement is that they must be parallel. If they are 
not, the light will strike to one side of the edge of D; 
more of it will pass into one photoelectric tube or the 
other and cause the recording element to turn until they 
are parallel. The relation between the various angles 
of incidence and reflection are shown in Fig. 4B. Here, 
by slightly displacing the mirrors from their true posi- 
tions, the different paths of light can be readily traced. 

The light does not, of course, traverse the optical 
system as a parallel ray and the optical constants of the 
system are of major importance. These factors are 
considered more in detail in the appendix. 
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The Photoelectric Circuit which supplies the actual 
energy used by the recording element in making the 
record is shown in Fig. 5. The output of a secondary 
winding on the auxiliary supply transformer is rectified 
and applied to the field coils of the recording element. 
A capacitor in parallel with the field coils provides 
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additional filtering so that the pulsations in the resulting 
direct voltage are considerably reduced. The voltage so 
obtained supplies the pliotron plate and the photoelec- 
tric tube circuits. Other windings on the auxiliary 
supply transformer provide voltages for the lamp, recti- 
fier, and pliotron filaments. 

Of greatest importance is that part of the circuit be- 
yond the field coils of the recording element. A portion 
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Fie. 5—Scupmatic DiaGRAM OF THE PHOTOELECTRIC CIRCUIT 
of the direct voltage across the field coils is applied to 
the three element pliotron tube. The plate current of 
this tube passes through the recording element arma- 
ture connected in the filament side of the circuit to per- 
mit grounding one armature lead. Another portion of 
the voltage across the field coils is applied to the two 
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vacuum type photoelectric tubes in series. Their com- 
mon junction is connected to the grid of the pliotron. 
This circuit is capable of very high sensitivity to changes 
in the distribution of illumination between the two 
tubes. The slightest unbalance of light in a given 
direction between the tubes will throw the grid voltage 
to one extreme. A slight unbalance in the opposite 
direction will throw the grid voltage to the opposite 
extreme. These extreme grid voltage swings occur far 
too fast under normal conditions to make the circuit 
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useful for purposes of recording. The high sensitivity 
may be retained with all its advantages, however, and 
still have the circuit as slow in operation as may be 
desired. This is accomplished by inserting between the 
grid and filament a capacitor and resistor in series. It is 
now necessary to alter the charge upon the capacitor 
before the grid voltage can change, and the time lag of 
this procedure may be adjusted to any degree by chang- 
ing the value of the capacitance. Without this damping 
circuit there would be violent hunting between the re- 
cording element and the electric circuit, whereas with 
the damping circuit all tendency to hunt or overshoot 
can be completely eliminated. 

Besides providing a circuit highly sensitive to changes 
in light distribution, the vacuum type photoelectric 
tubes contribute materially toward the high precision 
obtainable in the transfer from the basic to the record- 
ing element. This property can be readily explained 
on the basis of the characteristic curves of Fig. 6. 

As applied to the present case the tubes are always 
operated at voltages beyond the saturation value indi- 
cated by the arrow on the curves. Under this condition 
the circuit of Fig. 5 has the same light distribution be- 
tween the two photoelectric tubes regardless of the par- 
ticular plate current at which the pliotron may be 
operating. There is, of course, a momentary change 
every time the basic instrument shifts, but when the 
recording element takes up its new position the light 
distribution returns to its former value. This charac- 
teristic arises from the fact that above saturation the 
photoelectric tube current is independent of voltage. 
In the strictest sense, the tubes are electron valves con- 
trolled solely by light. In Fig. 5 it can be shown that 
the position the optical system always seeks is the con- 
dition of equal photoelectric tube currents. If the cur- 
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rents are not equal the grid voltage must be changing as 
the difference current can only flow into the grid capac- 
itance. Since the photoelectric tube currents are 


‘sensitive only to light, it follows that the light distribu- 


tion must always be the same in order that the tube 
currents may be equal. 

The Recording Element: The particular form assumed 
by the recording element is not of very great technical 
importance in the photoelectric recorder whereas in 
direct-acting types the recording element must be a 
highly reliable and accurate device. In the present in- 
strument it exists merely for the purpose of actuating 
the recording pen. Within wide limits its characteris- 
tics do not enter at all into the accuracy of the instru- 
ment, for its position is controlled by the basic element. 

The recording element contained in the instrument of 
Fig. 2 is illustrated in detail in Fig. 7. This differs from 
the d’Arsonval type in having an electromagnet instead 
of a permanent magnet field. The armature consists of 
a coil moving in the gap formed by the pole pieces and 
core. The armature current is obtained from the plio- 
tron tube and is under the control of the photoelectric 
tubes. The field winding derives its current from the 
output of a rectifier on the secondary side of an auxiliary 
supply transformer. This transformer is contained in 
the power unit and also supplies all filament and other 
necessary voltages. The electromagnet field serves 
an additional function as the voltage divider and 
filter inductance for the direct current supplied to the 
pliotron and photoelectric tubes. 
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The inking system, comprising a syphon pen and a 
fixed ink reservoir, and the chart carriage, are of con- 
ventional design. 


SENSITIVITY AND RAPIDITY OF RESPONSE 


The sensitivity of the recorder is dependent only upon 
the sensitivity of the basic element. Rapidity of re- 
sponse is usually governed by the period of the basic 
element, although in some isolated cases the period of 
the recording element may be the limiting factor. Re- 
corders can be constructed utilizing as a basic element 
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almost any indicating instrument or galvanometer that 
is capable of rotating a mirror as a means of indicating 
its readings. For recorders that are expected to be car- 
ried about and used like any switchboard or portable 
instrument, the use of extremely sensitive galvanom- 
eters with long suspensions is impracticable. However, 
extraordinarily high sensitivities can be obtained with 
the more sturdy pivoted instruments. The following 
discussion gives some idea of what can be readily 
accomplished. 

For d-c. measurements the basic element is usually 
the same as is found in miniature indicating elements, 
except that a galvanometer mirror is substituted for the 
pointer. Such miniature elements are available to pro- 
vide recorders of as low as 75 microamperes full scale 
and having a resistance of 350 ohms. Higher currents 
and other resistance values are also available. A low 
watt consumption element may be used having a full 
scale current requirement of 300 microamperes and a 
resistance of only 10 ohms. A recorder containing this 
instrument would require less than 1 microwatt from 
the measured circuit at full scale deflection. With larger 
elements of slightly more expensive construction, cur- 
rent sensitivities of 20 microamperes full scale can be 
provided with a watt consumption at that current of 
approximately 0.3 microwatts. 

The figures just given illustrate very forcibly the ex- 
tremes to which sensitivity has been carried in the 
photoelectric recorder. Such instruments are not at all 
delicate. In fact, because of the small weight of their 
moving systems, they are much more free from difficul- 
ties due to rough handling of the recorder than are 
heavier and less sensitive elements. 


Other elements are, of course, available for recording 
other quantities. For instance, high sensitivity fre- 
quency recorders can be constructed with a scale range 
of 1 cycle at 60 cycles; high sensitivity voltage record- 
ing with a scale range of as low as 4 volts on a 115 volt 
circuit; pressure recorders with full scale pressures 
down to approximately 1 or 2 inches of water; or, in 
general, anything for which there is some sort of an 
indicating instrument, can be continuously recorded 
with a photoelectric recorder. - 

The rapidity with which the recorder responds to 
fluctuations in the measured quantity is of the same 
order as the response of the basic element. In most 
cases the instrument responds to a change from zero to 
full scale within one second, and. the usual fluctuations 
require a much shorter time. 


ACCURACY 

Many amplifying systems have been devised for 
using electron tubes in connection with the measure- 
ment, recording and control of various quantities. Such 
amplifying systems are usually effected by variations 
in the characteristics of the lamps and electron tubes 
used, and are also subject to variations in the supply 
voltage. The optical system and photoelectric circuit 
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described above is self-compensating for all normal 
changes in these variables. 

Variation in the Auxilary Supply Voltage is trans- 
mitted to all parts of the photoelectric circuit. How- 
ever, within wide limits, such variations do not affect 
the accuracy of the recorder. When the voltage does 
change, the recording element current will also change 
momentarily. The resulting shift in the recording ele- 
ment will cause the photo tubes to establish a new grid 
potential and restore the proper plate current in spite 
of the changed supply voltage. As these changes occur 
very rapidly and with a very small movement of the 
recording element, there is ordinarily no discernible 
effect upon the record. 

Changes in Pliotron Characteristics such as occur due 
to variation of filament emission, ete., are automatically 
compensated for by the circuit in the same manner as 
are voltage fluctuations. No change whatever would be 
expected in the record due to variations between indi- 
vidual tubes as long as they are of the proper type. 
In fact this circuit has been constructed with sufficient 
margin to permit using tubes of widely different charac- 
teristics including different filament and plate voltage 
ratings as well as different values of amplification con- 
stant, uw, without any appreciable effect upon the ac- 
curacy of the result. 

Changes in Lamp Illumination such as occur due to 
normal variations in supply voltage, deterioration of the 
filament and blackening of the bulb do not ordinarily 
produce any effect on the recorder during the life of the 
lamp. In extreme cases of progressive loss of illumina- 
tion, the operation of the recorder may be slowed up 
appreciably without, however, affecting its accuracy. 

The Reflectors merely direct the illumination along the 
desired paths, and variations in their reflecting power, 
such as those due to accumulations of dust, have the 
same effect as variations in lamp intensity. Here again 
serious errors are extremely unlikely, for any trouble 
is readily detected in the noticeable slowing down of the 
operation of the instrument long before it develops any 
appreciable errors. 

It is interesting to note, however, that ordinary dust 
accumulations on the reflectors produce an inappre- 
ciable effect on their reflecting power. No matter how 
dusty the reflectors may appear to the eye, an inspec- 
tion of the surface through a microscope will show that 
the particles are widely separated. . 

Variations in Photoelectric Tube Sensitivity may be 
added as the final possible source of error of any mag- 
nitude. Here again, through proper design of the opti- 
cal system, the effects of changes in photoelectric tube 
sensitivity have been reduced to a secondary and neg- 
ligible order of magnitude. The use of vacuum type 
tubes is also of considerable advantage as they are 
much more stable than gas-filled types. 

The action of the recorder in respect to these factors 
may be explained by reference to Figs. 44 and 5. The 
condition the recording element always seeks is that 
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occurring when the two photoelectric tube currents are 
equal. If the tubes are not of equal sensitivity, the 
equal currents can be obtained only by throwing more 
light on the less sensitive tube. This is actually what 
happens when tubes having different sensitivities are 
used. After they are installed and the instrument is set 
to zero, it will work satisfactorily, and unless the dif- 
ference in sensitivity is quite large, no one would be 
able to detect it from the operation of the instrument. 
In case the difference in sensitivities is large, in the order 
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of two or more to one, for instance, it would be noticed 
that the recorder followed more rapidly going one way 
on the scale than the other, and the trouble is readily 
remedied by replacing the less sensitive tube. 

Tests show that after photoelectric tubes have been 
in service a while, they tend to become quite stable and 
will maintain their sensitivities fairly constant over 
long periods. There is still some variation, however, 
and it is desirable to show just what effect this has 
upon the recorder. 
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Assuming for the present that the two photo tubes of 
equal sensitivity are installed, the light CD in Fig. 4A 
will split evenly at D into the two tubes for all scale 
readings. If the sensitivity of one photo tube decreases 
with respect to the other by 50 per cent (a very unlikely 
amount) it would mean that the less sensitive tube 
would require twice the illumination of the other. This 
would be obtained by a shift in the light ray CD. The 
amount of shift would depend upon the effective width 
of the ray at D. In a specific case, the effective width 
of the ray is 0.12 inch. Thus for photoelectric tubes of 
equal sensitivity the split rays would each be 0.06 inch 
wide at D. If one photoelectric tube is to receive twice 
the illumination of the other, due to a change in relative 
sensitivity, the two rays would be 0.08 inch and 0.04 
inch wide. The actual displacement from the former 
position is 20 mils. This results in an angular displace- 
ment of less than 40 minutes for a length of CD equal to 
1.75 inches. Since the recording element need rotate 
through only 20 minutes to produce a 40-minute move- 
ment in the ray (the reflection at C doubles the angle), 
the actual error in the position of the recording element 
is quite small, amounting to only 0.6 per cent of full scale 
deflection. It is not expected that the vacuum type 
photo tubes used in the reeorder will change relative 
to one another by any such amount as 50 per cent, in 
fact, the variations are more nearly 5 per cent. Con- 
sequently, the error due to this cause is limited to the 
order of one-tenth of one per cent at most, and this 
would occur only over a considerable period of time. 


The Other Possible Sources of Error include pliotron 
grid currents, photo tube dark currents, and leakage 
currents in the grid circuit. All of these tend to affect 
the results in the same way as a change in photo tube 
sensitivity. There is no difficulty, however, in reducing 
the magnitude of all stray currents to from one-tenth 
to one-twentieth of the actual control current. When 
of this order their effect is entirely negligible. 


It is believed that in any new instrument of this kind, 
the possible sources of error should be investigated very 
carefully. It is for this reason the preceding discussion 
has been carried out in considerable detail. The mere 
mentioning of a possible source of error should not in 
any way be interpreted to mean that it is an important 
one. In fact they have all been mentioned and dis- 
cussed only for the purpose of showing how very small 
are their possible effects. 


OPERATION 


Several of the photoelectric recorders both in experi- 
mental and commercial forms have been under observa- 
tion under actual operating conditions for some time. 
The results they have produced are in many cases such 
as could not be obtained by any other commercial 
instrument with which the author is familiar. 

Figs. 8A, B, and c show frequency records at various 
chart speeds, made on a well-regulated system. Records 
such as these show very clearly the variations between 
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the control limits of the regulating devices. They are 
especially useful in studying system frequency dis- 
turbances. 

Fig. 9 illustrates sensitive voltage records taken on a 
constant voltage supply for laboratory use. Recorders 
of this sensitivity are almost a necessity in running life 
tests on the filaments of lamps and tubes of various 
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other electron tube apparatus. The use of ordinary 


recorders requires at least one more stage of amplifica- 
tion and the record is subjected to the additional errors 
of that stage. In photoelectric tube work the photoelec- 
tric recorder can often be constructed torecord the photo 
tube currents directly so that the only errors in the 
record are those of the tube itself. 
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kinds, and in other cases where small variations in volt- 
age produce large variations in the data to be obtained. 

Fig. 10 illustrates records of smoke intensity taken in 
the stack of a steam generating furnace. In this case 
the recorder was used in connection with a photoelectric 
smoke detector. Such applications emphasize the use- 
fulness of the photoelectric recorder in connection with 
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crepancies due to amplifying equipment are completely 
eliminated. 

Fig. 11 illustrates records taken of variations in the 
temperature of a refrigerator evaporator under test. 

In connection with an electric gage, continuous 
records have been taken of paper thickness as it passes 
from one roll to another. Each small division on the 
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fifty division chart represented a variation in thickness 
of two one-hundred thousandths of an inch. Other 
gaging records have been obtained showing the di- 
mensions and distortion of materials under stress. 

Still other applications include electrolysis survey 
records, turbo-generator vibration recording, high sensi- 
tivity power recording, small draft pressures and so on. 

The Maintenance necessary in the operation of the 
instrument has been reduced to a very low minimum. 
Aside from chart replacement and refilling the ink well, 
there is nothing much else to be done. Since the lamp 
and tube filaments operate at less than normal voltage, 
their replacement is a very infrequent occurrence. The 
estimated lamp life is from 3 to 5 months for continuous 
operation, and the other filaments are designed to last 
well over a year under the same conditions. As the 
phototubes have no filaments to burn out, their life is 
indeterminate, but they should last at least as long as 
any of the other tubes. 

Lamp replacement may require a slight adjustment in 
order to get a good focus of the filament image on the 
dividing edge of the reflector D, Fig. 44. This adjust- 
ment is easily made and is only necessary when the posi- 
tion of the new filament differs from the previous one. 
The replacement of the other tubes should require no 
adjustment whatever. As in the case of most instru- 
ments, it is good practise to reset the pointer on zero 
after making any adjustments. 


CONCLUSIONS 


In making possible the precise control of unlimited 
power by the most sensitive instrument elements, it is 
obvious that many instrument problems arising from 
insufficient torque have been solved. Especially is this 
true in regard to the two major problems of recording; 
sensitivity and rapidity of response. Of greater funda- 
mental importance, perhaps, is the combination of 
ordinary lamps and electron tubes, with all their well- 
known characteristics, into a conveniently operated 
instrument capable of the highest precision. 


Appendix 


THE OPTICAL SYSTEM 


In the design of the optical system two factors are of 
dominant importance. First the amount of illumination 
striking the photo tubes, and second, the size of the 
image at the dividing edge of the reflector D of Fig. 4a. 

The complete optical system may be reduced to that 
shown in Fig. 12 by replacing the spherical reflector B, 
Fig. 4A, with a lens of equivalent focal length. The di- 
mensions of the photoelectric recorder optical system 
are such that the image of the filament must be focused 
at a point-between the mirror A and the lens B in order 
to obtain an image at D. Fig. 12) is therefore drawn for 
this condition. 

The plane mirrors A and C are sufficiently large not 
to act as light stops and they may therefore be neglected 
from further consideration as far as the size of image and 
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total amount of light are concerned. However, in order 
that the light from the mirror A will strike the mirror C 
throughout the complete scale range, it is necessary that 
A and C be placed at conjugate foci of B. Thus in Fig. 
4a the two instruments need not be coaxial but may be 
placed anywhere that will satisfy this condition. The 
various possibilities and the relative advantages of each, 
need not be considered here. 

By means of well known optical formulas the size of 
the filament image at the dividing edge of reflector D 
may be computed. In terms of the filament dimensions 
aby the image dimension abp is 


d, ds 
do ds 
where d,, ds, d;, and d, are the various focal distances. 


The total amount of light obtained at D may be 
computed by: 


abp = abo 


KCo0-o 
Ip = Ade (lumens) 
where: 
K = The product of the reflecting powers of all the 
mirrors. 
C, = The candle power of the lamp in the direction of 
the lens. 


d;, = diameter of the lens, L. 
d, = distance from lens, L, to lamp filament. 


A 
abo | ab, 


v Cc 
| abo 
i fo) 
eee eal Sg ede eee a 
Fie. 12—Awn EaQuivatent Optica SystmEM 


The dividing edge of the mirror D may be quite broad 
so some of the light will be lost there, and less than half 
of the amount computed from the foregoing equation 
will actually strike each photoelectric tube. 


Discussion 


P. E. Twiss: The use of recording instruments has, in the past, 
been limited to measurements of relatively large values, neces- 
sary to obtain the proper torque for producing a record of suit- 
able accuracy and prompt response. The new photoelectric 
recorder permits of recorded values heretofore measured only 
by the use of indicating instruments. This opens up a new field 
of unlimited scope for recording instruments, not only for mea- 
surements of low electrical values, but also for many applications 
of the photoelectric cell in measuring and recording light intensity. 

An analysis of the design of this instrument indicates that all 
component parts are familiar to the trade and have been proven 
satisfactory by actual service in other applications over a period 
of years. The photoelectric cell and the amplifying system in- 
eluding the pliotron tube have been in extensive commercial use 
for several years and their reliability is well known. The indi- 
cating and recording apparatus is also of standard design but 
includes many recent improvements particularly in the chart 
mechanism. 
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A recent successful application of the photoelectric recorder to 
frequency measurement has been demonstrated by a well-known 
public utility company whose system is regulated by automatic 
frequency control equipment. The frequency at several points 
of the system was measured by other recorders of various de- 
signs, and operating data over a period of a year have proven 
conclusively the superiority of the photoelectric recorder. 


C. W. Mayott: In May 1930 a photoelectric frequency re- 
corder was installed in our load supervising office at Hartford. 
This meter being an experimental one had some mechanical 
defects, all of which have been corrected in the finished product. 
It was in satisfactory service for approximately a year and one- 
half and during this period the only replacement was the light 
source bulb. 

The meter gives the much desired instantaneous and continu- 
ous record that is so desirable in operation, especially in checking 
up disturbances. It can give a frequency record in such detail 
and such magnified scale as to he beyond the requirements of any 
present operating demands. 

H. A. Rolnick: 1. What is the smallest angular motion of the 
indicating element to which the recorder will respond? 

2. Is the above dependent on the electrical circuit or on the 
optical system or on both? : 

3. How mueh difference would a movement of the lamp fila- 
ment of 0.01 in. to the right or left have on the recorder reading? 


C. W. LaPierre: Referring to Mr. Rolnick’s questions in the 
order mentioned: 
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1. The cireuit of the photoelectric recorder is in a position of 
unstable equilibrium under the balanced condition. Conse- 
quently the recording element is responsive to infinitesimal move- 
ments of the basic indicating element from balance. This 
condition would lead to hunting between the recording element 
and the photoelectric cireuit if the tendency were not damped 
out by the pliotron grid to filament resistance and capacitance 
(see Fig. 5). The damping capacitance and resistance, however, 
do not decrease the sensitivity of the cireuit—they only make 
the time of response of the photoelectric circuit the same order 
of magnitude as the time of response of the recording element. 

2. As may be inferred from the answer to question (1), the 
sensitivity of the response of recording to indicating elements is 
independent of the optical system and electrical circuit. How- 
ever, it may be well to repeat that the rapidity with which the 
recording element responds, is somewhat dependent upon the 
electrical circuit and optical system. In this answer, I am 
assuming, of course, that Mr. Rolnick refers to normal variations 
in the circuit and optical system and not to changes such as would 
modify the fundamental principles of operation of the circuit. 

3. In the design of the photoelectric recorder deseribed in the 
paper, a sidewise shift.in the lamp of 0.01 inch would produce 
roughly a change in reading of 0.05 per cent of the scale range 
value. In more recent designs, we have allowed this effect to in- 
erease in order to gain other benefits as our experience shows that 
changes of this order do not occur after a lamp is installed. Any 
errors at the time of lamp replacement may be completely elimi- 
nated by resetting the instrument on zero. 


Interconnection of Primary Lightning Arrester 
Ground and the Grounded Neutral of the Secondary Main 


BY C. FRANCIS HARDING: 
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Synopsis.—This investigation of the relative merits of various 
possible transformer connections and protective devices was the result 
of statistical data secured, over a long period of years, by the Com- 
monwealth Edison Company of Chicago regarding the nwmber and 
types of distribution transformer failures during lightning storms.* 
It refers to standard, 60 cycle, overhead, power and lighting distribu- 
tion systems having 4,000-volt, four-wire primaries and three-wire, 
230-volt, three-phase power and 115-230-volt lighting secondary 
mains. 

Five spans of standard pole line construction were exposed to 
transient potentials of steep wave front, the latter being induced by 
the sudden charging of the well insulated artificial cloud suspended 
over the line. The cloud was charged to potentials, wp to 150 kv., by 
means of a surge generator. Measurements of potentials, ranging as 
high as 40 kv. in some instances which were induced wpon various 
portions of the distribution system were made by means of ionized 
sphere gaps and the cathode-ray oscillograph. 

Some of the important conclusions reached as the result of this 
investigation are: 

1. The value of an experimental wood pole distribution line with 
an insulated artificial cloud charged by means of a surge generator 
was definitely established for lightning protective investigations 
involving induced as well as direct stroke potentials. 
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2. The practicability and economy of studying, by means of such 
laboratory equipment, the operation of various transformer, lightning 
arrester and ground connections, when exposed to surges approxi- 
mating those of lightning, were demonstrated. 

3. Efficient primary protection upon an overhead distribution 
system affords a considerable degree of protection to secondaries 
located below the primaries. 

4. A well grounded secondary neutral wire acts to reduce poten- 
tials on adjacent wires. 

5. With existing transformer design, the insulation of the secon- 
dary winding may be considerably over-stressed by steep wave front 
surges without excessive stress on the primary insulation. Such 
secondary stresses may be relieved by improvements in secondary 
insulation. 

6. Low ground resistances, although desirable in other respects, do 
not necessarily reduce the initial potentials which may be induced 
upon the system. 

7. A non-inductive load in the consumer’s premises reduces the 
potentials 60 to 70 per cent at the service entrance. 

8. Tests have shown that the interconnection of primary lightning 
arrester ground to the grounded neutral of the secondary main 
effects a considerable reduction in voltages at the transformer and 
imposes no extra hazard upon the consumer's wiring. 


INTRODUCTION 


NDER a cooperative arrangement* with the Utili- 
ties Research Commission of Chicago, the Engi- 
neering Experiment Station at Purdue University 

has been conducting an investigation of surge protection 
of distribution circuits. A considerable number of the 
tests has involved the interconnection of the primary 
lightning arrester ground and the grounded neutral of 
the secondary main. It is this phase of the work which 
will be considered in this paper. 


DESCRIPTION OF APPARATUS 


After some preliminary work, a five-span distribution 
system was constructed, over which was supported an 
insulated artificial cloud for the purpose of inducing 
surge potentials in the distribution system. The latter 
was composed of four 4,000-volt primaries on the upper 
arm and six secondaries on the lower arm comprising a 
three-phase, 230-volt power secondary and a single- 
phase 115-230-volt lighting secondary. These are of the 
standard construction of the Commonwealth Edison 
Company of Chicago. A bank of three distribution 
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type transformers and a customer’s service were in- 
cluded in the distribution system but were not con- 
nected to any 60 cycle supply. Circuit grounds were 
made in the customer’s service and on the distribution 
system as in practise. (See Fig. 1 for circuit diagram.) 
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METHOD OF TEST 
The cloud was normally held at ground potential by 
means of a high resistance leak. At definite intervals a 
surge generator} was made to discharge into the cloud, 


t“Purdue Builds Lightning Generator,’ Electrical World, 
January 17, 1931, Vol. 97, No. 8, p. 142. 
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thereby causing a sudden change in cloud potential with 
consequent induced voltages in the distribution system. 
Sphere gap measurements of these induced voltages 
were taken at the transformers and at the customer’s 
service entrance. 


RESULTS OF TESTS 


A series of tests was made in which the induced volt- 
ages to ground were measured as the distribution system 
was built up step by step, that is, starting with the wires 
only and adding the circuit grounds, arresters, trans- 
former windings, etc., until the complete circuit was 
obtained. 
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wires 1 or 4 and ground) were approximately 90 kv.; 
secondary voltages (between wires 5, 8, 9 and ground) 
were approximately 75 kv. Test No. 2 of each group 
represents the induced voltage when wire No. 9 (sec. 
neutral) was connected to a driven pipe ground of ap- 
proximately 15 ohms resistance, one span from the 
transformer bank. Aside from the reduction in voltage 
on wire No. 9 itself, it is interesting to note the con- 
siderable reduction on wires 4, and 8, adjacent to wire 
No.9. (Fig. 3.) 

Test No. 3 of each group indicates the voltages with 
the further addition of primary phase and neutral ar- 
resters. .As would be expected, there was a marked de- 
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{Induced voltages to ground on distribution wires with the following circuit conditions 

Test 1—No apparatus or grounds connected but each wire grounded through high resistance 
Test 2—Same as test 1 with secondary neutral grounded one pole from transformer bank 

Test 3—Same as test 2 with primary arresters connected 

Test 4—Same as test 3 with primary windings connected 

Test 5—Same as test 4 with secondary windings connected 

Test 6—Same as test 5 with house circuit connected and no load in house circuit 

Test 7—Same as test 6 with six 25-watt lamps in house circuit 

Test 8—Same as test 7 but with six 100-watit lamps in house circuit 

A indicates secondary neutral not connected to primary lightning arrester ground at transformer 
B indicates secondary neutral connected to primary lightning arrester ground at transformer 


Fig. 2 shows graphically the change in the magnitude 
of the induced voltages during the above procedure, and 
also shows the system voltages with and without the 
interconnection of the secondary neutral to the primary 
arrester ground. (See Fig. 3 for wire positions on cross 
arm.) 

The graphical presentation of Fig. 2 is, in general, 
self-explanatory. However, it is desired to call attention 
to some of the more interesting changes in the induced 
voltages and their causes. As noted in the legend of 
Fig. 2, the first line of each group represents the in- 
duced voltages on that particular wire with no grounds 
or connected apparatus. Primary voltages (between 


crease in all primary voltages. There occurred.also a 
very noticeable reduction in secondary voltages (wires 
5, 8, 9) due to the shielding effect of the primary wires 
after the primary arresters had broken down. ‘The sig- 
nificance and importance of this lies in the fact that it 
indicates that in the field, a well protected primary sys- 
tem provides a considerable degree of protection for 
secondaries located below the primaries. 

In Test No. 4 the connection of the transformer pri- 
mary windings caused a very slight reduction in voltage, 
showing that the primary winding presents a relatively 
high impedance to the surge. 

With transformers, house-wiring circuit, and all 
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grounds connected to the circuit, (Fig. 1) voltages to 
ground on the power and lighting secondaries and on the 
primary neutral were of the order of 20-25 kv., while 
those between the primary phase wires and ground were 
of the order of 30-35 kv. 

With regard to voltages across transformer windings 
it was determined that for a single-phase lighting trans- 
former with its secondary neutral grounded the voltage 
across the secondary winding was approximately 5 per 
cent to 15 per cent of that existing across the primary 
winding. With three-phase, 230-volt, delta-connected 
power secondary windings having the mid-point of one 
winding grounded to the lighting secondary neutral, it 
was determined that the voltages across the secondary 
coils wereapproximately 20 per cent to 80 per cent of those 
existing across the power transformer primary windings. 
Either of these percentages overstress the secondary 
insulation without exceeding the safe limit on the pri- 
mary insulation. A solution of this difficulty is to in- 
crease the insulation of the secondary winding. In so 
doing, of course, capacitances between primary, secon- 
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dary, and core will be changed. Consideration should 
therefore be given to the redistribution of potentials 
resulting therefrom. These are relatively inexpensive 
additions to the design and construction of the trans- 
former. 

In the preceding group of tests the interconnection of 
the secondary neutral and the lightning arrester ground 
caused, in general, approximately 5 per cent decrease in 
the magnitude of the induced voltages to ground. 

Throughout most of the work, tests have been made 
with and without the secondary neutral wire connected 
to the primary lightning arrester ground lead. The 
tests indicated that the effect of this connection depends 
to a large extent upon such factors as the steepness of 
wave front and the time lag of the primary arresters, 
hence no definite statement can be made to the effect 
that this connection is always beneficial. The connec- 
tion of the lighting secondary neutral to the lightning 
arrester ground caused 10 per cent reduction in the volt- 
ages at the service entrance. 

Figs. 4 and 5 portray graphically the magnitudes of 
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the induced voltages at the transformers and at the 
service entrance under various conditions of ground 
resistances, and with and without the interconnection 
of the secondary neutral to the primary lightning ar- 
rester ground. In several instances this interconnec- 
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Induced voltages at lightning transformer and service entrance with 
secondary neutral ground one span from transformer pole 
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Induced voltages at power transformers with secondary neutral ground at 
transformer pole 


Fies. 4, 5—Errecr or INTERCONNECTION ON THE POTENTIALS 
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tion caused a material decrease in the voltage between 
primary phase wire and secondary ground. 

Field investigations have demonstrated that a very 
considerable number of transformer failures and cases 
of fuse-blowing have occurred by flash-over from the 
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primary phase lead to case and thence to secondary 
neutral. In fact, operating companies have reported 
that in about 75 per cent of the transformer failures on 
distribution systems due to lightning, the damage in- 
volved both the primary and secondary windings. 
Measurements of the voltage between primary phase 
lead and secondary neutral have shown that the inter- 
connection of the secondary neutral with the lightning ar- 
rester ground is, in general, beneficial to the transformer. 
In particular, with a low resistance secondary neutral 
ground and a high resistance lightning arrester ground, 
. the interconnection reduced the above voltage by 30- 
50 per cent. (See Fig. 5, Set 2.) With no interconnec- 
tion and a high resistance secondary neutral ground and 
a low resistance lightning arrester ground, the voltage 
between primary phase lead and secondary winding was 
somewhat reduced at the expense of anincreased voltage 
across the high resistance secondary neutral ground. 
With the addition of a low resistance ground to the 
secondary neutral by making the above interconnection, 
thus placing the high and low resistance grounds in 
parallel, a redistribution of voltage occurred such that 
the potential between primary phase lead and secon- 
dary neutral was approximately the same as with the 
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Induced voltages at service entrance 


interconnection in the case of low secondary neutral 
ground resistance and high lightning arrester ground 
resistance. (See Fig. 5, Set 3.) 

Fig. 6 shows a 10 per cent reduction in the potentials 
at the service entrance due to making the interconnec- 
tion. There is indicated a very considerable reduction 
in the voltages at the service entrance when the cus- 
tomer’s lamps were turned on. This seems to be an 
argument in favor of turning on the lamps during a 
thunderstorm. 
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During the latter part of the work the transformers 
were mounted on the pole and a testing shelter was con- 
structed as in Fig. 7. The induced potentials were 
slightly higher but otherwise were in good general agree- 
ment with those obtained when the transformers were 
on the laboratory floor. The majority of the work pre- 
sented here has been done with the transformers on the 
poles. 
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CONCLUSIONS 


1. The value of an experimental wood pole distribu- 
tion line with an insulated artificial cloud charged by 
means of a surge generator was definitely established for 
lightning protective investigations involving induced as 
well as direct stroke potentials. 

2. The practicability and economy of studying, by 
means of such laboratory equipment, the operation of 
various transformer, lightning arrester and ground 
connections, when exposed to surges approximating 
those of lightning, were demonstrated. 

3. Efficient primary protection upon an overhead dis- 
tribution system affords a considerable degree of pro- 
tection to secondaries located below the primaries. 

4, A well grounded secondary neutral wire acts in re- 
ducing potentials on adjacent wires. 

5. With existing transformer design, the insulation of 
the secondary winding may be considerably over- 
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stressed by steep wave front surges without excessive 
stress on the primary insulation. Such secondary 
stresses may be relieved by improvements in secondary 
insulation. 

6. Low ground resistances, although desirable in 
other respects, do not necessarily reduce the initial po- 
tentials which may be induced upon the system. 

7. A non-inductive load in the consumer’s premises 
reduces the potentials 60 to 70 per cent at the service 
entrance. 

8. Tests have shown that the interconnection of pri- 
mary lightning arrester ground to the grounded neutral 
of the secondary main effects a considerable reduction 
in voltages at the transformer and imposes no extra 
hazard upon the consumer’s wiring. Specific cases of 
this conclusion are as follows: 

a. With the lightning arrester ground resistance 
and secondary neutral ground resistance below 20 
ohms, the interconnection mentioned above has 
very little effect upon the magnitudes of the po- 

' tentials at the transformer. 

b. This interconnection causes a 30-50 per cent 
reduction in potentials across the transformer in 
the case of an arrester ground of 100 to 200 ohms 
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and a secondary neutral ground of less than 20 
ohms. 

ce. With a lightning arrester ground of less than 
20 ohms and a secondary neutral ground of from 
100 to 200 ohms, the potentials across the trans- 
former were increased about 25 per cent by mak- 
ing this interconnection. 

d. With secondary neutral and primary ar- 
rester ground resistances both ranging from 100 to 
200 ohms, the interconnection had practically no 
effect upon the magnitudes of the voltages at the 
transformer. 

9. With the usual city conditions consisting of a 
multiplicity of low resistance grounds on the secondary 
neutral and the further possibility in some instances of a 
lightning arrester ground of high resistance, it has been 
demonstrated herein that potentials at the transformer 
may be greatly reduced by the interconnection of the 
primary lightning arrester ground and the grounded 
neutral of the secondary main. 


Discussion — 
For discussion of this paper see page 271, 
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Field Studies of Lightning Arrester Protection, Including 
the Effect of Interconnection 
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Synopsis.—A cooperative field study with portable impulse gen- 
erator and cathode ray oscillograph was made of the lightning pro- 
tection of transformers connected to a 4.45-mile 4,600-volt rural 
distribution circuit. The tests described were made with the pellet 
arrester. Some of the conclusions are: 

1. Although the arrester discharge voltage is but a fraction 
of the strength of the transformer, yet for the usual connection to 
ground now commonly employed, arrester ground resistances may be 
high enough so that the transformer is not protected, resulting in either 
blown fuses or a winding failure. 

2. Interconnection of the primary arrester ground and secondary 
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neutral gives a high degree of protection to the transformer from surges 
originating on either primary or secondary regardless of the arrester 
ground resistance. 

8. The interconnection of primary arrester ground and secondary 
neutral does not increase the magnitude of voltages which appear be- 
tween various grounded objects on the consumers’ premises over that 
now experienced with exposed secondary conductors and possible 
bushing flashovers or transformer failure, The effect of the inter- 
connection is to increase the number of impulses reaching the secon~ 


dary circuits but not their magnitude. 
* * * * * 


XPERIENCE has shown that although failures of 
distribution transformers and fuse blowing during 
lightning storms are greatly reduced by the appli- 

cation of lightning arresters, yet the record of protection 
is not as good as the strength of the transformer and per- 
formance data of the arrester indicate that it should be. 
The ratio between the transformer strength and the 
voltage allowed by an arrester such as the pellet is not 
far from four to one. With such a large margin, fail- 
ures of transformers or fuse blowing due to lightning 
should be practically eliminated, except in the case of 
direct stroke at the transformer location which is a 
relatively infrequent source of trouble. 

In protecting apparatus against the effects of light- 
ning it is recognized that differences of potential must 
exist to cause failure. If flashovers or punctures which 
result in follow current can be eliminated most of the 
fuse blowing due to lightning will be eliminated. The 

problem to be solved,’ therefore, is one of preventing 
excessive differences of potential from developing be- 
tween different parts of the transformer. Whether the 
potential to which the transformer is held be ground 
potential or the potential of the lightning surge, makes 
little difference as far as the transformer itself is 
concerned. 

In the past it has been common practise, with a very 
few exceptions, to connect the primary lightning arrest- 
ers to a driven ground at the base of the transformer 
pole, with the idea that the lightning entering over the 
primary would pass to ground thus holding the primary 
winding to a potential equal to the arrester discharge 
voltage. Unhappily this condition is seldom met in 
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practise as arrester ground resistances are not zero and 
may be as high as several hundred ohms. Lightning 
frequently enters over the secondary conductors and the 
arresters connected to the primary are then not in a 
position to be of service. Indeed the exposure of 
secondary circuits in urban districts may considerably 
exceed that of the primary conductors. Thus it is clear 
that there are several factors which operate to prevent 
the primary arrester from holding the windings at sub- 
stantially ground potential. 
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Fia. 1—Crircurr ConNECcTIONS OF PROTECTION TEST ON 
TRANSFORMERS 


There has been a growing conviction on the part of 
those closely associated with the problem of protection, 
that the present method of arrester application is at the 
mercy of too many uncontrollable factors in practise. 
Connecting the primary lightning arrester ground to 
the grounded secondary neutral appears to eliminate 
many of the uncontrollable factors. With such a con- 
nection the voltage between the transformer windings 
under impulse conditions will not exceed the potential 
allowed by the arrester, which is so low that flashover 
of the bushing or failure of the transformer should be | 
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practically eliminated. In proposing such a scheme the 
question naturally arises: will such a scheme introduce 
additional hazard on the customer’s premises and will 
it offer the advantage from the protection standpoint 
which it appears that it should? Experience in those 
cases where this interconnection has been tried does not 
indicate any increased hazard, and the protection record 
seems to be far above that of the present connection. 

In order that experimental data might be obtained 
under controlled test conditions, the General Electric 
Company has been conducting a field investigation in 
cooperation with the Associated Gas and Electric Com- 
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Fic. 2—STANDARD CONNECTION. IMPULSE APPLIED TO PRIMARY. 
ARRESTER GROUND RESISTANCE 10 OuMs 


H, Primary to ground 

T Tank to ground 

Xo,3 Secondary neutral to ground 

All oscillograms have the same calibration 


pany. The tests were made on a single-phase 4,600- 
volt rural line of the New York State Electric and Gas 
Company, built to serve the village of Willseyville, 
N. Y. and the surrounding community. The line had 
just been constructed at the time the tests were made 
and for most of the power tests, to be described, was 
energized at 2,300 volts. The portable million volt im- 
pulse generator and the cathode ray oscillograph were 
used in the test. A positive impulse voltage of 350 kv. 
applied resulted in a 6/14 microsecond wave with a crest 
of 123 kv. at the test transformer location 4.45 miles 
away. It was necessary to materially increase the in- 
sulation at most of the guyed poles to prevent flashover: 

A 10-kva. 2,300-115 /230-volt transformer was mount- 
ed on pole No. 48 about 30 ft. above ground. The 
primary conductors terminated on this pole. The three 
secondary conductors X,, X»2; and X, extended from 
this pole into the village of Willseyville, having a total 
circuit length of 3,273 ft. located on four streets. A 
building which will be designated as the “‘hall’’ was con- 
nected between X,; and X»; at a point about 400 ft. from 
pole No. 48. This building was the only one connected 
to the secondary circuits during the tests. In addition 
to the 65-ohm ground at the hall the secondary neutral 
was grounded at five points, the nearest being about 330 
' ft. from pole No. 48. The combined resistance of all 
secondary grounds was 25 ohms. 
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The hall was wired with BX and hada measured capac- 
itance of 0.04 uf. between one wire and ground. It was 
provided with six circuits and twenty-six outlets. The 
hall ground was made to the casing of a driven well. 
The service meter had not been installed. 

All cathode ray oscillograms registered voltages to 
ground. Voltages between windings are obtained by 
subtraction, which were checked by direct measure- 
ments with sphere gaps. Resistance and capacity 
dividers were used to reduce the potentials to proper 
values for the oscillograph deflecting plates. 

The tests were made mostly with 3-kv. pellet arrest- 
ers which have a breakdown potential of about 17 kv. 
and an JR drop of 6 to 7 kv. according to laboratory 
tests. Some of the tests were made with higher rated 
pellet arresters. 


PROTECTION TESTS 

Only results with impulses on both primary conduc- 
tors will be given as this is the most representative con- 
dition of service and the conclusions drawn from the 
work apply equally well whether the impulse is on one 
conductor or both. Although nearly 1,000 oscillograms 
were taken, in the limited space available only a frac- 
tional part of the data can be shown. 
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All oscillograms have the same calibration 


IMPULSE APPLIED TO THE PRIMARY 


Oscillograms given in Fig. 2 show the potential 
with respect to ground of the primary H, tank T and 
secondary neutral X.; with the 3-kv. primary arresters 
connected to a 10-ohm ground in the usual manner. 
The secondary neutral potential remains close to 
ground while the tank takes an intermediate poten- 
tial, but close to the secondary. Asaresult most of the 
potential allowed by the primary arrester and its ground 
is impressed from the primary to tank and secondary. 

Increasing the arrester ground resistance to 60 ohms 
increases the primary potential to tank and secondary 
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and also increases the tank potential, as shown in Fig. 3. 
It is clear that further increase in arrester ground resis- 
tance is likely to result in either flashover of the primary 
bushings or a winding failure. Flashover of both pri- 
mary bushings, or cascade flashover of a primary and 
secondary bushing if the primary is grounded is likely 
to result in blown fuses. 

Interconnecting the arrester ground and secondary 
neutral greatly reduces the potentials between windings 
and from winding to tank, as shown in Fig. 4. With 
this connection the oscillograms show that the tank and 
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Fic. 4—INTERCONNECTION. ImpuLsE APPLIED TO PRIMARY. 
ARRESTER GROUND Resistance 60 Oums 


secondary have practically the same potential, while the 
primary to secondary potential is only the arrester po- 
tential, although the arrester ground resistance was 60 
- ohms. 

In Fig. 5 the oscillograms of Figs. 3 and 4 are sub- 
tracted to show the great reduction in potential between 
primary and secondary when using the interconnection. 
Fig. 6 shows that there is very little difference of 
potential between the different windings even with the 
arrester ground disconnected. Thus, regardless of the 
arrester ground resistance the transformer is well 
protected and fuse blowing will be reduced to a mini- 
mum by eliminating bushing arcover. 


IMPULSE APPLIED TO SECONDARY 


In making this test the line conductors from the im- 
pulse generator were connected to the two secondary 
wires X, and X,4, each of the primary leads of the trans- 
former being connected to ground through a 500-ohm 
surge impedance. As in the previous protection tests 
the entire secondary distribution was connected but 
with no lights on at the hall. The standard arrester 
with a ground resistance of 19 ohms shows a high volt- 
age between primary and secondary, Fig. 7, which is 
greatly reduced by the interconnection even though the 
arrester ground was disconnected, Fig. 8, just as in the 
case of impulse on the primary. Thus the primary 
arrester with interconnection will keep the windings 
at potentials differing only by the arrester potential, 
whether the impulse originates on primary or secondary. 
In the case of extremely steep waves originating on the 
secondary, secondary protection between conductors 
and neutral may be indicated. 
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GROUNDED TANK 


Tests made using 6-kv. pellet arresters with and 
without the tank connected to the arrester ground, 
which had a resistance of 10 ohms, are shown in Fig. 9. 
The oscillograms are replotted as they were originally 
taken with different time scales. The impulse was ap- 
plied to both primary conductors, the secondary con- 
ductors still being connected to the secondary distri- 
bution system. The results show that the connection 
of the tank to the arrester ground lowers the potential 
between the primary and tank to the arrester voltage, 
but raises the potential between the tank and secondary 
to a value equal to the JR drop in the ground. Such 
connection does not lower the voltage between primary 
and secondary, and if the ground resistance is high, 
excess potentials will appear between the tank and 
secondary. 


MEASUREMENTS AT THE HALL 


Oscillograms were taken at the hall during the pro- 
tection tests and the maximum voltage was found to be 
3.9 kv. At this potential sparking took place within 
fixtures which effectively limited the voltage. With the 
standard arrester connection on pole No. 48 and an im- 
pulse of 128 kv. applied to the primary, the potential 
between conductors at the hall was 400 and 880 volts 
when the arrester ground resistance was 10 and 60 ohms 
respectively. When a gap between primary and secon- 
dary set for about 50 kv. r.m.s. sparked, the hall wiring 
arced over at 3.9 kv. When the interconnection be- 
tween primary arrester ground and secondary neutral 
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Fig. 5—STANDARD AND INTERCONNECTION COMPARED 


Voltages from primary to secondary neutral. 60-ohm arrester ground 


was made the wiring arced over even with arrester 
ground resistances as low as 10 ohms. 


With the interconnection, the impulse being applied 
to the secondary conductors, and the arrester ground 
disconnected at pole No. 48, the wiring arced over.and a 
potential of 15 kv. was measured to a separate ground 
at the hall. With a100-watt lamp connected across the 
secondary, the potential between wires was reduced to 
1.3 kv. 
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POWER TESTS: ISOLATED-NEUTRAL POWER SUPPLY 


Two transformers rated 114 kva. which had blown 
fuses quite consistently during lightning storms were 
placed on pole No. 48 fused with 2 ampere fuses. A 25- 
ampere non-inductive load was connected to X, and 
X,. The primary voltage was 4,600 non-grounded, 
which was obtained from a rural 6,900 single-phase line 
through the use of two 50-kva. transformers rated 
6,900 /2,300 and 2,300 /4,600, respectively. 

Transformer No. 1 which had low oil level sparked 
over the terminal board with power follow which blew 
the2-ampere fuse. With6-kv. pellet arresters connected 
and. ground resistances up to 170 ohms the terminal 
board did not flash and of course the fuses did not blow. 
The oil level was raised, arrester disconnected, and ten 
impulses applied, which arced to the tank over both the 
primary and secondary leads. No power follow took 
place, which was to be expected since the power source 
was not grounded. 

The second transformer did not are over even with 
arrester ground resistances as high as 170 ohms. The 
arresters were then removed and both high-voltage 
bushings arced over to the tank. Although ten im- 
pulses were given, some with and some without secon- 
dary 28 ampere load, the primary 2 ampere fuses did not 
blow. A more intense discharge might have started the 
power follow. When these tests were made the time 
was so limited that it was impossible to vary conditions 
until power follow did take place. 

During the tests with the primary ungrounded oscillo- 
graphic measurements at the hall showed no increase in 
power voltage either between wires or to ground. Like- 
wise with the same power source the interconnection of 
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Fig. 


arrester ground and secondary neutral did not give any 
power voltage at the hall during the period of arrester 
operation. 


GROUNDED PRIMARY 


The 10-kva. transformer on pole No. 48 was con- 
nected to the secondary distribution, its primary receiv- 
_ing power over the experimental line at 2,300 volts from 
one of the 50-kva. transformers connected to the 6,900- 
volt rural line. For the tests to be described one con- 
ductor was grounded through a 85-ohm ground at the 
50-kva. transformer, to simulate one leg of a 2,300/ 
4,000-volt grounded neutral system. 
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FAULT BETWEEN PRIMARY AND SECONDARY 

A 34-inch gap was connected between the primary 
phase wire and the secondary neutral. Four impulses 
out of five blew the 2-ampere fuse on power follow, a 
voltage of between 600 and 750 volts effective being 
measured between the conductors and a separate ground 
for times up to about one-half second until the fuse 
cleared the circuit. With a lower resistance ground at 
the power source the voltage measured at the hall would 
have been higher but the duration shorter. 
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All oscillograms have the same calibration 


TESTS WITH INTERCONNECTION—VOLTAGES AT THE 
HALL 


With the 3-kv. arrester disconnected from ground at 
pole No. 48, but with the interconnection, a voltage of 
101 volts r.m.s. was measured for a fraction of one cycle. 
The secondary neutral ground was 25 ohms and the 
primary ground at the 50-kva. transformer, 35 ohms. 

When the primary arresters were connected to a 10- 
ohm ground at pole No. 48 the potential of the conduc- 
tors at the hall to a separate ground was 33 volts r.m.s. 
for a fraction of a cycle. 

Another test was made in which the sheath of the 
BX conduit was connected to a separate ground from 
that of the grounded conductor within the conduit. 
With interconnection, and an arrester ground on pole 
No. 48 of 10 ohms, and secondary ground of 25 ohms, 
no 60-cycle potential could be measured to a separate 
ground, although the sheath ground was of the order of 
1,000 ohms. Between the sheath and the grounded 
conductor a potential of 33 volts would undoubtedly 
have been measured for this condition. 


CONCLUSIONS 


1. With the present connection primary arrester 
ground resistances play an all important role in the pro- 
tection afforded by the arresters, and a ground resis- 
tance which may not be too high for one discharge may 
be totally inadequate for a higher current. discharge. 
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Since low ground resistance is expensive and frequently 
cannot be obtained, efficient protection requires the use 
of some method to eliminate the variable effect. of 
ground resistance. 

2. Impulses originating on the secondary network 
cause the tank potential to rise above the primary and 
a primary failure may result—although the entrance 
was secondary. Thus some failures charged to primary 
entrance may have been due to secondary entrance. 

3. Grounding the tank to the arrester ground is not 
particularly helpful as it reduces the primary to tank 
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stress to the voltage allowed by the arrester, but in- 
creases the secondary stress by the JR drop in the 
ground. 

4, The interconnection of primary arrester ground 
and secondary neutral will reduce the potential during 
lightning discharges to the voltage allowed by the ar- 
rester, whether impulses come from the secondary or 
primary circuits. Transformers in reasonably good con- 
dition should not fail due to lightning, nor should fuses 
blow except in case of severe direct stroke very close to 
the transformer location. Thus accidental connection 
between primary power supply and customer’s premises 
should be practically eliminated. 

5. The potential allowed on the transformer by the 
arrester with interconnection is independent of the 
arrester ground resistance so that the transformer is pro- 
tected whether the arrester ground resistance is high or 
low. 

6. Nothing is to be gained with the interconnection 
by connecting the transformer tank to the secondary 
neutral, since with the tank floating, the potentials 
developed to tank are much less than the strength of 
insulation involved and the hazard to linemen is 
decreased. 

7. Interconnection of primary arrester ground and 
secondary neutral allows impulse current to flow into the 
secondary network, the amount depending on the 
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arrester ground at the transformer. The tests showed 
that even a 10-ohm ground did not prevent flashing 
some of the small gaps which exist in the secondary 
house wiring. Lightning discharges which originate on 
the secondary do the same thing and interconnection in- 
creases the number of such discharges by the amount of 
exposure added. If a good arrester ground is used the 
severity of discharge in the secondary circuits will be 
much reduced. It is not believed that the increases in 
the number of discharges represent any increased hazard 
where the secondary neutral is connected to water pipe 
grounds, as in cities, even if the arrester is not grounded 
at the transformer. In rural distribution interconnec- 
tion may represent some increase in hazard if several 
different grounds exist within consumers premises so 
that potential differences may be experienced between 
different grounded objects and the secondary circuits. 

8. From the standpoint of hazard due to power volt- 
age, the present situation is that in many cases of fuse 
blowing which may or may not have resulted from the 
transformer failure, power voltages of considerable 
magnitude appear between the secondary ground and 
separate grounds on the customer’s premises until the 
fuse blows which may take the time of many cycles, 
depending on the magnitude of the fault current. With 
good grounds on the secondary this time will be short 
and the voltage low, with poor grounds the time is 
longer and the voltage higher. 

9. With the interconnection it is believed that con- 
tacts between primary and secondary caused by light- 
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Fig. 9—STANDARD CONNECTION 


Potentials between primary and secondary to tank. Tank’ floating 
and tank connected to arrester ground. 6-lky. arrester, 10-ohm ground 


ning will be largely avoided thus materially reducing 
any hazard which may have existed before in those cases 
where the secondary ground resistance was high. In 
such cases the arrester should probably be connected to 
a ground at the point of interconnection into the 
secondary neutral. 

10. The tests indicate that the record of arrester pro- 
tection to distribution transformers, including fuse 
blowing, can be greatly improved by the use of inter- 
connection, providing proper precautions are taken for 
those cases where the secondary neutral ground is not 
a water pipe ground. The tests show that arrester 
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grounds are not necessary where the secondary ground 
resistance is low as with waterpipe grounds. 

11. The results of these investigations should be 
brought to the attention of those responsible for the 
various codes so that the benefits of interconnection may 
be fully realized. 
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Synopsis.—Usual methods of connecting arresters for the 
protection of distribution transformers are often inadequate. In 
service some transformers still flash over although the arrester, in 
itself, 1s capable of protecting the transformer with a large margin 
of safety. 

Surge current flowing to ground through the ground lead of the 
arrester gives rise to inductive drop and resistance drop voltages. 
These voltages added to that permitted by the arrester can be great 
enough to flash over the transformer bushings to secondary neutral. 
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By interconnecting the ground lead of the arrester and the trans- 
former secondary neutral, the voltage across the transformer insula- 
tion 1s limited to that permitted by the arrester alone. 

Tests have been made to determine the conditions of surge re- 
quired to duplicate flashovers that occur in practise. Under such 
conditions measurements were made of the voltages appearing on 
a representative secondary circuit when bushing flashovers are 
permitted, and when flashover is prevented by interconnecting the 
arrester ground and the transformer secondary neutral. 


GENERAL 


LTHOUGH the low-voltage distribution trans- 

formers have a very high impulse strength as 

compared to the normal voltage rating, they 
will still flash over and fail in service even when they 
are protected by arresters which in themselves could 
adequately protect the transformer insulation. The 
effect of arrester ground resistance alone is insufficient 
to account for these failures, as very low grounds still 
permit failures. 

Lightning surges in the common 2,300-volt, or 
higher, urban distribution circuits manifest themselves 
in a somewhat different manner from those on high- 
voltage transmission lines. In the case of a distribution 
circuit, the arrester spacing will be usually of such 
order that the distance traveled by the voltage wave 
will be short, the crest voltage appearing on the line 
will be limited, and the surge will manifest itself as 
current through one or more arresters. The current 
wave, both as to magnitude and shape, is determined 
very largely by the lightning stroke, and very little 
by the characteristics of the distribution circuits. 

On rural lines the exposure between arresters is 
much greater and so in addition to surges originating 
near the arrester there will be surges arriving over a 
length of line and these voltage surges will be limited 
by the insulation of that line. 


NATURE OF THE CIRCUIT CONNECTIONS 
COMMONLY USED 


The protection commonly used for a single-phase 
house lighting transformer provides for phase and 
neutral arresters on the primary side connected to a 
common ground lead down the pole. These arresters 
may be identical or the neutral arrester may be a 
simple gap. The ground lead is connected to a ground 
rod that may have a resistance to earth of five to 
several hundred ohms. 


*Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa. 

{Public Service Electric & Gas Co., Newark, N. J. 

Presented at the Winter Convention of the A.I.E.E., New York, 
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The case of low-voltage class distribution trans- 
formers is left free, for the safety of the workman who 
may touch it while working on the live primary con- 
ductors. 

The secondary neutral is grounded at each customers 
service entrance. This ground is made to the water 
service pipe as it is as good a ground as can be ob- 
tained. In addition to the customers ground, there is 
usually a driven ground at a distance of one span from 
the transformer. 


THE EFFECT OF ARRESTER GROUND CIRCUIT ON THE 
PROTECTION AFFORDED 


Tests show that when a surge is applied to the 
primary of a distribution transformer that has a 
secondary ground, the isolated case will take on a low 
electrostatic potential above ground so that some 
80 to 95 per cent of the surge voltage will appear from 
primary lead to case. For simplicity in the considera- 
tions that follow it will be assumed that the case takes 
on a potential the same as that of the secondary 
neutral. 


€y,- Case= 
e, +iR+LH 


Time 
A B 
1—Vo.utace Across TRANSFORMER BusHINGS SHOWN 
AS THE Sum oF THE ARRESTER VOLTAGE, THE GrouND Lpap 
Inpuctive Drop, AND THE Ground JR Drop 


Fie. 


The voltage across the transformer, as shown in 
Fig. 1, is the total of three components; the JR drop 
across the ground, the inductive drop across the 
ground lead, and the voltage across the arrester. The 
drop across the ground is proportional to the amount 
of current in the surge, and the drop across the lead 
to the rate of rise of current. For anticipated surge 
currents, the voltage across the ground alone can 
exceed the voltage across the arrester, unless the 
ground resistance is of very low magnitude. 


245 


32-18 


246 


Under present methods of construction, the voltages 
appearing across the primary bushings are often great 
enough to cause flashovers. The completed path for 
the surge current to ground is usually over the secon- 
dary bushings. Fig. 2 shows the sequence of events 
during a flashover and the voltages which occur. 
Primary bushing flashover takes place at a time h, 
and secondary bushing flashover almost simultaneously 
at a time t.. With power on the transformer, the 
flashover path will carry the power are until the pri- 
mary fuse opens the circuit. In service this is the path 
over which the are burns are usually found. 

Under these conditions both the surge current and 
the power follow current flow through the secondary 
neutral ground but operating experience seems to 
show that there is no serious trouble on the customer’s 
property. 

INTERCONNECTION OF THE PRIMARY ARRESTER 
GROUND AND SECONDARY NEUTRAL 

By interconnecting the arrester ground and the 
transformer secondary neutral at the transformer, the 
potential difference across the primary bushing of the 


Time 


Fig. 2—SuccesstvE FLASHOVERS OF PRIMARY AND SECONDARY 


BusHInes, AND RESULTANT POTENTIALS 


transformer will be limited to that voltage permitted 
by the arrester alone during a discharge, in accordance 
with the prior assumption that the secondary neutral 
and case remain at the same potential. In Fig. 3 is 
shown the effect of this interconnection where the 
assumed secondary neutral impedance to ground is 
very small. Whether or not this secondary impedance 
is low, the voltage difference appearing across the 
primary bushing will not be greater than that per- 
mitted by the arrester alone. 

Under these conditions, the transformer will not 
flash over and there will be no power current flowing 
into the secondary neutral from the primary circuit. 
Whatever impedance drop there is for the surge current 
flowing in the secondary neutral will appear as voltage 
in this circuit. 

If a solid connection is not permissible between the 
secondary neutral and the ground terminal of the 
primary arrester, a gap or valve arrester of a low 
voltage rating may be placed in the interconnection 
as shown in Fig. 44. This arrester will begin taking 
current when the voltage across the ground lead be- 
comes great enough to discharge the arrester. In this 
case, the voltage across the primary bushing is the 
sum of the voltages appearing across the primary and 
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interconnecting arresters as shown in Fig. 4B. This 
connection will effectively isolate the arrester ground 
and the secondary neutral as there is no voltage differ- 
ence between them except during a surge discharge. 

A second method of getting improved protection 
afforded by the interconnection without connecting 
a solid conductor between the arrester ground and the 
secondary neutral, is that shown in Fig. 5. Where the 
effective leakage reactance between the two halves of 
the secondary winding is small, the surge current in 


Fie. 
CONNECTION OF 
NEUTRAL 


Across TRANSFORMER BUSHINGS WITH 
ARRESTER GROUND Leap TO SECONDARY 


3—V OLTAGE 


flowing as indicated will result in a very low voltage 
across the winding as the magnetic effects of the two 
currents are in opposition. This circuit was proposed 
by Mr. C. B. Wright of the Duquesne Light Company 
and very promising laboratory tests were run in 
January 1981. i 


PoLicy OF INTERCONNECTING PRIMARY ARRESTER 
AND SECONDARY NEUTRAL GROUND | 


At the present time the safety code forbids the 
interconnection of the primary arrester and the sec- 
ondary neutral ground. This regulation was made in 
recognition of the fact that when a surge current flows 
through a ground a surge voltage appears across it. 


Fig. 4—Vouracre Across TRANSFORMER BUSHINGS WITH 
CoNNECTION OF Primary ARRESTER GROUND LEAD TO SECON- 
parY NEUTRAL THROUGH LoWw-V OLTAGE ARRESTER 


The driven grounds which were assumed in this case 
are usually of considerable resistance as compared to 
the water-pipe grounds which are customary at the 
present time. 


THE LIMITATIONS OF THE POLICY OF 
INTERCONNECTING GROUNDS 


Where both the primary ground and the secondary 
ground are driven grounds as in the case of a rural 
customer, the interconnection can prevent flashover of 
the transformer insulation but an appreciable surge 
voltage may appear from secondary to ground. This 
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condition is less serious than permitting a power fault 
into the secondary circuit, but both grounds should be 
made as low as possible so that the JR drop may be low. 

The ungrounded secondary is not the common 
practise in distribution circuits. Where it is used, a 
surge voltage on the transformer primary will give the 
secondary circuit a potential above ground. The 
smaller the capacity of the secondary to ground, the 
greater will be its potential. Obviously an intercon- 
nection of a poor primary ground with the free secon- 
dary will not appreciably lower the voltage across the 


Fie. 5—PatH or Current FLow to Grounp FoR SURGE 
ORIGINATING ON Primary PHase WIRE 


arrester ground and flashovers from secondary to 
ground would be expected. 


TESTS MADE ON A REPRESENTATIVE DISTRIBUTION 
TRANSFORMER WITH SECONDARY SERVICES 


In order to determine the magnitude of the effects 
required to cause flashovers similar to those which 
have occurred in service, a program of tests was carried 
through. A diagram of the test circuit is shown in 
Fig. 6. A distribution transformer was mounted on a 
35-ft. pole. A ground lead was provided down the 
pole and two ground rods were driven at the foot of 
the pole in order to get as low a resistance as possible. 
The secondary wires were racked for about 140 feet. 
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From the transformer pole and from the end of the 
secondary rack, triplex services were run to a point on 
the ground. Here the neutral wires were solidly 
grounded. One wire of each triplex service was left 
open and is indicated on the figure as ‘‘open service.” 
One service wire and the neutral from each service 
were connected to a 100-foot section of two-conductor 
BX cable, both ends of the sheath being grounded. 
The two sections of BX cable were connected to the 
same two secondary wires. 

In the tests as made, flashovers were necessary in 
order to simulate the conditions that occur in practise. 
In order to secure consistent flashovers, gaps were 
placed around the primary and secondary bushings as 
shown in Fig. 6. 

A 500 ohm resistor was placed between the primary 
neutral and ground to simulate the effect of an un- 
charged conductor. 


The arresters used in these tests were 3,000-volt 
auto-valve arresters of the disk and mica spacer type. 
This type of arrester was selected rather than the 
porous block type because a larger number is in service 
and the tests were laid out to duplicate service experi- 
ence as closely as possible. This type of arrester on 
test had a maximum voltage of 15 kv. crest across its 
terminals during a surge discharge of 800 amperes. 


Most of the oscillograms have been replotted to the 
same scale in order to show the relative voltage-time 
values more readily. Successive test surges were found 
to be very nearly identical. In Table I the crest 
voltages measured at certain points are tabulated for 
the various circuit connections and for each of the two 
types of impulse wave used. par ee 

Voltages at the transformer were measured by means 
of a cathode ray oscillograph connected to a 1,070-ohm 
resistance potentiometer through a delay cable. Volt- 
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TABLE I—CREST VOLTAGE MEASUREMENTS 


Figure 7 Steep front surge Slow front surge 
Column 1 2 3 4 5 6 7 8 
Arrester 
Arrester grounded 
Arrester ground grounded through 
Standard connection Arrester ground through Standard through secondary 
and sec. neutral secondary connection secondary arresters 


Point of voltage measurement* Gaps not flashing Gaps flashing interconnected neutral only gaps not flashing neutral only only Fig. 9a 
Arrester plus ground.............. +41 kv 4h) 5OWEVis Mba =: A. lovey Saas oie SAO Weate eae 5 cA) Sa ena A, + 21 Evin veces + 21kv 
Arrester ground lead.............. oS See, 2 eae Ce ee mA SSeS seh attemos + 12 

rank see. WOwtial: oo: re eta ak Lote chereroteces SEDO: scicseretene rt oe 28s... sevens + 43 

Open service NG. Dic ccc. suudec cee HOS aL ee Tete Meer ee t= 20". is nzevayss eer + 35. -+ 3 

BANG; 1326 ee Leen oe - 3 + 12 a ULB ..6 teens aba aes ohare he (rela 6 = NAL. nictelcis eee + ‘Siskin oe + 14 
Open service INO: 2 22 5. ik ci atiess et Ee dares Rpi castetene + 33 pee Br a? RIAA eS + 56. -+ 4 
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Oscillograms plotted.............. Ips 8.4 oer Bigs TO os oes Big vil Ss saz nee Ag Oe arate tiene « Bug’. '9)..ccceuaietente Hig’ 132 jac teeter — 


*All voltage measurements were made by resistance potentiometers 


ages at the secondary service terminals were measured 
by a 5,100-ohm resistance potentiometer. These poten- 
tiometers of course have some effect on the surge 
voltages. 


THE EFFECT OF THE GROUND LEAD ON PROTECTION 


To show the effect of inductance of the arrester 
ground lead on the voltage appearing across the pri- 
mary bushing, two rates of current rise were selected. 
The slow rate of current rise was produced by intro- 
ducing the 440-microhenry inductance into the circuit 
of the surge generator in Fig. 6. The steep front surge 
rose to a maximum of 1,200 amperes in two micro- 
seconds while the slow front surge rose to 900 amperes 
in nine microseconds. These are plotted in Fig. 7. 

With the surge generator set to give a current wave 
of fast front and slightly less than 1,200 amperes crest, 
in order to prevent flashover of the transformer gaps, 
the oscillograms in Fig. 8 were taken. The maximum 
voltage across the ground lead and ground of the 
arrester was 28 kv. or about two times that across the 
arrester. This voltage fell to zero in two microseconds.* 

The steady voltage across the secondary of about 
3 kv. had a duration in the order of that of the current 
surge. These voltages across the two halves of the 
secondary differed in polarity. The voltage on the 
“open service” side of the winding was positive, the 
same polarity as the primary surge from line to ground. 

In Fig. 9 are plotted the oscillograms obtained with 
the slow front surge under the above conditions of no 
gap flashovers and standard connections. The maxi- 
mum voltage appearing from line to ground was 21 kv. 
The inductive drop in the ground lead plus the JR drop 


*The gaps may have flashed accidentally during the oscillo- 
graphic measurement of the voltage across the arrester lead 
plus ground, since the lack of sustained voltage as shown on 
the oscillogram seems incompatible with the given values of 
eurrent and ground resistance, and also because the difference 
between the “arrester plus ground’”’ and the ‘‘arrester lead plus 
ground” voltage is greater than the arrester voltage 15 kv. 
This curve is almost identical with the corresponding curve 
in Fig. 10. 


in the ground had a maximum value of 12 kv. The 
sum of the inductive and JR voltages in this case re- 
sulted in an approximately constant voltage up to 
maximum current. The secondary voltages were about 
5 kv. and of long duration. 

The two tests recorded in Figs. 8 and 9 indicate that 
after an initial disturbance determined by the surge 
impedance of the ground lead, the voltage across the 
ground lead is determined by the lead inductance and 
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the rate of change of current. The initial disburbance 
is due in part to the type of surge circuit used. 

At the 1,200-amperes surge generator setting the 
transformer gaps flashed over at 50 ky. from line to 
ground. In Fig. 10 are plotted the voltage oscillo- 
grams obtained. The voltage across the arrester lead 
plus ground resistance was 36 kv., whereas the voltage 
across the arrester was only 15 kv. The oscillograms 
of voltage from case to ground and secondary neutral 
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to ground were almost identical so only one is repro- 
duced. The voltage across the open service No. 2 
was 33 kv. as compared to 24 kv. across BX No. 2, 
showing the reductive effect of the BX cable on the 
surge. 
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Fig. 


INTERCONNECTION OF ARRESTER GROUND AND 
SECONDARY NEUTRAL 
In Fig. 11 are plotted the corresponding voltages 
when the arrester ground terminal and secondary 
neutral are interconnected. No gap flashovers took 
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place. From Fig. 11 it can be seen that the difference 
in potential between the phase lead and the secondary 
neutral does not exceed 15 kv., the voltage permitted 
by the arrester alone. 
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A comparison of columns 3 and 4 of Table I indicates 
that the crest secondary voltages are about the same 
with the interconnection as they are during a flashover 
of the transformer gaps. 


INTERCONNECTION AND A HIGH ARRESTER GROUND 
RESISTANCE 

The extreme case of high ground resistance is that of 

having no arrester ground at all. Obviously the ar- 

rester cannot discharge and any surge above 50 kv. 

crest would flash over the transformer gaps. Protec- 

tion under such conditions can be obtained by con- 
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Fig. 10—Vouiraces Merasurep IN Circuir or Fig. 6 wit 


Srrzp Front SuRGE 
Transformer gaps flashing over 


necting the arrester ground terminal to the secondary 
neutral. 

The circuit of Fig. 6 was modified by connecting the 
ground terminals of the primary arresters to the 
secondary neutral only. Under such conditions the 
full surge current flows to ground through the trans- 
former secondary neutral wire. Figs. 12 and 13 show 
the voltages measured with the steep front surge and 
the slow front surge respectively. In neither case did 
the transformer gaps flash over, as the voltage across 
the transformer bushings was limited to about 15 kv. 
by the arrester. The maximum voltage to ground 
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with the fast surge was 60 kv. which was considerably 
above the gap flashover. 


INDIRECT INTERCONNECTION OF SECONDARY 
NEUTRAL AND ARRESTER GROUND 


The circuit shown in Fig. 5 was tested using the slow 
front surge but the separate arrester ground was 
omitted so that the only path for the arrester surge 
current was through the secondary arresters, secondary 
windings, and secondary neutral to ground. It is 
evident from a comparison of columns 7 and 8 of 
Table I that the leakage reactance between the two 
secondary windings of this transformer was high 
enough to increase the voltage appearing across the 
service wires. 

This same circuit was tested with the steep front 
surge. The voltage was great enough to cause flash- 
over of the BX cable so no measurement was made. 
No flashover of the transformer gaps occurred however. 
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Fig. 11—Vo.ttraces MrasureD witH Steep Front SuRGE 
In Crrcurt oF Fig. 6 wirh ARRESTER GROUND AND SECONDARY 
NEUTRAL INTERCONNECTED 

No transformer gap flashovers 


SURGE VOLTAGES APPEARING ON THE SECONDARY 

A surge voltage impressed across the primary of a 
distribution transformer will induce a voltage across 
the secondary. This voltage has a duration about the 
same as that of the primary voltage. A rapidly chang- 
ing surge current passing to ground over the secondary 
neutral results in an oscillatory voltage appearing 
between the outside wires and ground at the service 
terminals. The maximum voltage is about the same 
as that of the transformer neutral to ground at the 
transformer. However, the voltage on the BX cable 
is lower than that on the corresponding open service. 
The voltage on the more distant service, No. 2, is 
greater than that on service No. 1. 

The voltage appearing at the services when the 
arrester ground and secondary neutral are inter- 
connected is about the same as that appearing when a 
steep front surge causes the transformer gaps to flash 
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over due to inductive drop in the arrester ground lead. 

The secondary voltages with the arrester ground 
and secondary neutral interconnected, though of short 
duration, appear to have a rather high magnitude. 
While the secondary voltages with this circuit may be 
compared with the secondary voltages on the other 
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Fig. 12—Voutraces Mrasurep with Steer Front SuRGE 
IN Crrovuit or Fre. 6 wirh ARRESTER GRrounD REMOVED AND 
ARRESTER CONNECTED TO SECONDARY NEUTRAL ONLY 

No transformer gap flashovers 


circuits tested, it should be noted that the length of 
racked secondary was short compared to lengths 
usually occurring in practise, and that actual voltages 
will probably be lower. Voltages of the relative 
magnitude tabulated in column 8 of Table I appear 
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Fig. 13—Vouiraces Mmasurep witH Stow Front SurGsE IN 
Circurr or Fig. 6 with ARrREsTER GROUND REMOVED AND 
ARRESTER CONNECTED TO SECONDARY NEUTRAL ONLY 

No transformer gap flashovers 


now without serious effect, in the case of transformer 
flashovers where the ground resistance is low. 


CONCLUSIONS 


Under present methods of distribution trahatoncer 
protection, flashovers of bushings or windings due to 
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lightning often occur, causing dynamic current flow 
into the secondary circuit with resultant transformer 
outages. Tests show that, when a transformer is 
subjected to a lightning surge, the case will assume a 
potential of about 10 per cent of that appearing be- 
tween the primary leads and secondary neutral. Neg- 
lecting the potential on the case, the voltage across 
the transformer bushings is the sum of the voltages 
across the arrester, the arrester ground lead and the 
arrester ground resistance. With a steep front surge, 
the inductive voltage across the ground lead alone may 
exceed the arrester voltage. Remedial steps which 
can be taken are limited to a reduction of the arrester 
ground resistance and of the inductive drop across the 
ground lead. Practical application of these measures 
is limited by available field conditions. 

Improved protection of the transformer may be 
secured by any one of several methods of connecting 
the arrester ground lead to the secondary circuit. The 
following methods will limit the surge voltage across 
the bushings to approximately the characteristic crest 
voltage of the primary arrester, but will differ in re- 
sulting secondary voltages. 
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1. Direct’ connection of a low resistance primary 
arrester ground to a grounded secondary neutral pro- 
duces no higher voltages at the customer’s service 
than are experienced when flashover occurs with the 
present protection schemes. 

Direct connection of a very high resistance primary 
arrester ground to a grounded secondary neutral re- 
sults in higher surge voltages appearing on the cus- 
tomer’s leads than when the ground resistance is low. 

2. Connection of the primary arrester ground to 
the secondary neutral through a low-voltage arrester 
gives substantially the same results as with the direct 
connection. 

3. Connection of the primary arrester ground. to 
the secondary outside wires through two low voltage 
arresters, results in increased customer voltage. 

The authors wish to express their appreciation to 
KE. R. Whitehead for his valuable assistance . with 
these tests. 


Discussion 
For discussion of this paper see page 271. 
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Synopsis.—The advancement in knowledge of lightning pro- 
tection, as developed by the investigations in Chicago since the 1920 
paper on the same subject, has been largely due to an intensive study 
in the past five years made with the active cooperation and assistance 
of the manufacturers of lightning arresters. The development in 
recent years of methods of laboratory tests with the lightning generator 
and the cathode ray oscillograph render unnecessary a continuance of 
these statistical research investigations. 

The examination of 474 transformers burned out by lightning indi- 
cates the desirability of line transformers with non-aging insulation 
which will be lightning-proof against induced discharges when pro- 
tected by the modern types of arresters. A comparison of the 
troubles on the distribution system due to lightning in Chicago with 
similar results in other cities indicates that considerable advantage 1s 
obtained by the use of the fouwr-wire three-phase system with grounded 


INTRODUCTION 


HIS paper presents the later results of a statistical 
a research investigation that has been in progress 
for over 20 years. (Fig. 1.) 

About the time of the presentation of the 1920 paper! 
on this subject, the manufacturers of lightning arresters 
were consulted regarding the advisability of discontinu- 
ing the investigations on account of the expense. They 
were opposed to any such plan, as the statistical method 
described in that paper was the best method then avail- 
able of securing information regarding the relative pro- 
tective value of the different types of arresters. It was, 
therefore, decided to continue the studies, and it was 
also arranged to install in moderate quantities, for trial 
purposes, several new types of arresters then being 
developed. 


The lightning machine was developed about 1921 asa 
device for testing arresters, but the spark gap was the 
only measuring instrument then available for making 
comparative observations. About 1924 the cathode ray 
oscillograph and the necessary accessories were devel- 
oped in form suitable for use as a measuring instru- 
ment? on tests made with the lightning machine. In 
1926 it was noted that the results of such tests, as then 
made and interpreted, placed the several types of ar- 
resters then on the market in a different order of merit 
from the order indicated by the field investigations in 
Chicago. This resulted in a 5-day conference with the 
manufacturers in January, 1927, to discuss these differ- 
ences and devise plans for further procedure. As it 
appeared at this conference that the discussions would 


*Superintendent, Street Dept., Commonwealth Edison Co., 
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neutral. Induced discharges of 400 kv. crest value have been noted. 
Direct strokes account for only 5 per cent of transformer troubles. 
No evidence could be found of shielding effect against induced dis- 
charges due to adjacent high trees, buildings, or other structures. 
Traveling waves are not a factor in the transformer troubles on the 
distribution system in Chicago. Modern types of lightning arresters 
excel the best type of 20 years ago in reduced annual charges, but not 
in efficiency as a protective device. Extra expense to reduce re- 
sistance of lightning arrester grounds below 50 ohms is not war- 
ranted. 

By following the principles developed during these investigations 
and using transformers of improved design, it appears possible to 
effect a reduction in Chicago in the rate of transformer troubles due to 


lightning from 13 cases to 1 case per 1,000 transformers per year. 
* * * * * 


be greatly facilitated if the results obtained on all types 
of arresters could be exposed in the conference to all of 
the manufacturers, their representatives agreed to this 
procedure and further agreed that they would not use 
the information to the disadvantage of any competitor. 
This agreement was the greatest forward step taken 
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TROUBLES FOR 20-YEAR PERIODS 


Even though the number of transformers doubled between 1915 and 1931, 
the actual number of transformer burnouts and fuse blowings remained 
fairly constant during the period at 105 and 275 per year respectively 


in connection with these investigations. Most of the 
increased knowledge obtained by the investigations in 
Chicago since the 1920 paper has resulted from the in- 
tensive study begun during this conference and con- 
tinued in the five succeeding years. 

About 25 factors which might affect lightning ar- 
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rester performance or transformer troubles caused by 
lightning were listed. An investigation, made for each 
of 119 locations where transformers had failed during 
the previous year, showed that about one-third of the 
factors first listed occurred so infrequently that they 
were of no serious consequence and were quickly dis- 
missed from further investigation. 


Additional information regarding the factors which 
appeared important was sent to the manufacturers and 
discussed in six later conferences. As a result of this 
procedure, and by utilizing the results of the laboratory 
tests and field investigations made by the manufacturers 
during these years, all differences of opinion that were 
noted in 1926 have been reconciled. The manufacturers 
have been of invaluable assistance in reaching practi- 
cally all of the principal conclusions in this paper, and 
they are now able to make tests with the lightning 
generator and interpret the results shown by the cathode 
ray oscillograph, so that the relative merits of various 
types of lightning arresters can be very closely deter- 
mined by laboratory tests. The expense of the statisti- 
cal research investigations in Chicago is, therefore, no 
longer warranted and it has been materially reduced. 

It would be very interesting indeed if the manufac- 
turers could arrange to publish, side by side, the test 
results and analyses of studies made with the lightning 
generator and the cathode ray oscillograph on several 
radically different types of arresters, so as to show how 
the relative protective value of arresters can be deter- 
“mined. 


DESCRIPTION OF SYSTEM 


The system of distribution used in Chicago is a four- 
wire three-phase 2,300/4,000-volt system with the 
neutral connected to ground through a reactor shunted 


by a fuse in each of the 57 substations. All of the 606 | 


circuits leave the substations via underground cables, 
the feeders are entirely underground, and about 20 per 
cent of the primary mains are also underground. There 
were 33,093 transformers on August 1, 1931, connected 
to the overhead mains and in addition 1,593 were in- 
stalled in manholes or vaults and connected directly to 
underground primary mains. Over 800,000 customers 
are served by this system of distribution. 


All line transformers are single-phase, with 2,080- 
volt primary and 115/230-volt secondaries. Lighting 
transformers are connected between one primary phase 
wire and the primary neutral; the neutral wire of the 
secondary is usually grounded on the pole next adjacent 
to the transformer and if the secondary main is more 
than one span long the neutral is grounded at two poles. 
Transformer cases are not grounded. Small lighting 
customers have two-wire services, but all large lighting 
customers have three-wire services, and in either case 
the neutral is grounded to a water pipe on the customer’s 
premises. Secondary lighting mains are generally only 
one block long. Installations for three-phase power 
customers consist of three transformers connected in Y 
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on the primary and in delta on the secondary. The com- 
mon point of the transformer primary connections is nof 
connected to the primary neutral; the middle point of 
one transformer secondary is grounded. For the smaller 
power customers, two transformers are used, each con- 
nected between one phase wire and primary neutral 
with the secondaries in open delta. About 55 per cent 
of all transformers are single transformer lighting instal- 
lations, 15 per cent are in 2-transformer banks supplying 
both light and power, and 30 per cent are in 3-trans- 
former 3-phase banks supplying power only. 

About two years ago the plan was adopted of inter- 
connecting the neutrals of all secondary mains wherever 
this could be done at reasonable expense, and about 80 
per cent of these connections have been completed. 
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The gaps and resistors are conventional. Lower end of diagram is ground 
side. Types A to R are 3,000-volt arresters. Types Y and Z are 300-volt 
arresters. In types C and G narrow grounded bands of metal are carried 
up the sides, while in type J, a grounded metallic cylinder surrounds the 
lower three-quarters of the arrester. Arresters J to R are valve types. 
Arresters are arranged in the order they were installed on the system 


2—ELectricaL DIAGRAMS OF ARRESTERS USED 


On 80 per cent of the circuits, the maximum distance 
between transformers is less than 1,000 ft. measured 
along primary mains. At about 370 locations the pri- 
mary mains are without transformers for distances 
greater than 1,000 ft.; and at 25 locations, greater than 
2,000 ft. 

Many of the larger transformers are so located that 
there is no secondary wire exposed to induced lightning 
discharges. 

The City of Chicago covers about 210 square miles. 
Eliminating areas in which no overhead lines are in- 
stalled, the system covers about 120 square miles. The 
system includes about 135,000 poles, of which about 
3,800 are cable poles. 
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One 3-kv. and one 300-volt arrester (Fig. 2) are in- 
stalled on the same pole with each lighting transformer, 
while on 8-transformer installations there are three 3- 
kv. arresters and one 300-volt arrester, with the further 
limitation that the maximum number of arresters in any 
one block is three 3-kv. and one 300-volt arrester. 
Similar installations of arresters are made on all cable 
poles and arresters are omitted from transformers with- 
in 300 ft. of these poles. There are no lightning arresters 
or similar devices in any of the substations or on the 
secondary mains for light or power, and no lightning 
arresters are installed on transformers connected to 
underground mains. There are no fuses on the secon- 
dary wires outside of customers’ premises. ") 


There are now 15 types of 3-kv. arresters on the sys- 
tem, which, for the purpose of this investigation, was 
divided into 162 areas. Only one type of lightning ar- 
rester was installed in each area. The several areas for 
each type of arrester are scattered throughout the city 
and in regions of varying arrester density, in an attempt 


TABLE I—RESULTS OF EXAMINATION OF TRANSFORMERS 
BURNED OUT BY LIGHTNING 
AVERAGE DATA FOR :1927-1930, INCLUSIVE 
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Note: In these investigations a transformer is considered to be burned 
out when it cannot be restored to service without removing it from the pole. 
About 40 per cent of the transformers were repaired without replacing the 
coils. 


to put all types of arresters on the same basis. Separate 
performance records have been kept each year for each 
of these segregated areas. 

The terrain in Chicago is quite flat as, with one minor 
exception, the maximum difference in elevation as 
shown by the Geological Survey maps is less than 50 ft. 
Satisfactory grounds can usually be secured in most of 
this area by 10-ft. ground rods except along certain 
sand ridges where 15-ft. ground rods are used. In a few 
localities of quite limited area, the rock is within a few 
feet of- the surface, and special methods are used to 
secure good lightning arrester grounds. 


- EXAMINATION OF BURNED OUT TRANSFORMERS 
” The records of the examination of 474 transformers 
‘burned. out by lightning (Table I) indicate that burn- 
outs*which.start.on the secondary winding (Fig. 3) 


were nearly one-half of those starting on the primary.. 
This information led: to a discussion of the desirability: 
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of installing lightning arresters on the secondary mains. 
Arrangements <vere made to have this subject investi- 
gated at Purdue University, and some of the results of 
that study are reported in a separate paper.’ 

During the examination of these transformers, con- 
siderable information was obtained which confirmed a 
suggestion in the 1914 paper‘ of the author, reading as 
follows: 

It is suggested that careful attention by the manufacturers to 
the primary bushings, the clearance of the primary leads inside 


the case, the manner of their support, and other minor details, 
would probably result in a material improvement in these records. 


Many bushings, especially in the older transformers, 
were so small that they were apparently designed to 
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The averages are not corrected for size, age, and density of transformers. 
Probable errors in the individual cases are from 10 to 25 per cent, except for 
type A, for which only one year’s performance is shown. 

Burnouts are subdivided according to apparent path of entrance of light- 
ning as indicated by examination, and extent of primary and secondary 
wires is considered 


withstand the operating voltage rather than the tran- 
sient voltages to which they would be subjected when 
installed on overhead pole lines. 

If induced. discharges on overhead secondary mains 
are the cause of transformer burnouts by lightning, it 
appeared possible that some damage might occur to 
customers’ equipment. A’search of the records for three 
calendar years of the departments that would be in- 
volved showed that the total cost of all repairs to cus- 
tomers’ wiring, or replacement of lamps or household 
equipment or devices, averaged less than $100 per year. 
About 40 failures of watt-hour meters per year appesy 
bo ‘ei due to po ntipaechss eee 


aie 3) tans o 


bd 


Mareh 1932 


INDUCED DISCHARGES, DIRECT STROKES, AND 
TRAVELING WAVES 


There is no general accord as to what evidence is con- 
sidered a conclusive indication of a direct stroke, but if 
only those cases are included in which there is some 
shattering of poles or cross-arms, or severe external 
burning of transformer cases or other equipment on 
poles, or damage to trees immediately adjacent to the 
primary wires, then evidence is found of direct strokes 
on only about 15 poles per year, or about 1 in 9,000. 
About 5 per cent of the transformer failures due to 
lightning appear to be caused by direct strokes, and so 
the other 95 per cent must be due to induced discharges. 


Two well defined cases have occurred where, with the 
assistance of the manufacturers, it was determined that 
a maximum transient voltage of the order of 400 kv. was 
indicated. In each instance the maximum dimension 
across the area, in which signs of damage could be dis- 
covered, was less than 1,500 ft. 

A large fraction of the transformers on the system are 
installed at the ends of primary mains remote from the 
feeding point, and if there are traveling waves on the 
distribution system, the transformers installed at these 
open ends should show an increased percentage of fail- 
ures or fuse blowings due to the piling up of the voltage 
at such open ends. The records for transformers at such 
locations show that the percentage of trouble is about 
20 per cent below the rate for other transformers on the 
system. (Table II.) It appears that, as the distance 


TABLE II—EFFECT OF TRAVELING WAVES IN CAUSING 
BURNOUTS OF TRANSFORMERS IN 1931 


Per cent 


Ratio of transformers installed within 100 ft. of open ends of 
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between arresters is generally below 1,000 ft., transient 
voltage waves can not travel very far before they are 
dissipated through the lightning arresters and rendered 
harmless. 


UNDERGROUND: PRIMARY MAINS 
The records of transformer troubles due to lightning, 
presented in this paper, do not include 1,593 trans- 
formers which are installed in manholes or vaults. A 
separate record of these transformers shows only two 
failures in the past five years due to lightning, or about 
1/30 of 1 per cent per annum. 


EFFECT OF VARIOUS FACTORS ON LIGHTNING TROUBLES 


Grounding the Primary Neutral, One advantage of a 
four-wire three-phase system with the neutral grounded 
in the substation is that it permits the installation of 
300-volt arresters on the neutral wire of the overhead, 
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primary mains and 3-ky. arresters on the primary 
phase wires, whereas, with the neutral ungrounded, 
arresters rated at 3 kv. and 6 kv. are required. The 
neutral arresters, consisting of a single gap between 
metal electrodes, sometimes with a low resistance in 
series, will spark across below 3 kv.; therefore, as the 
transient voltage rises, these neutral arresters will spark 
across in about 1/5 of the time required for the transient 
wave to reach a voltage at which the phase arresters will 
discharge. If, during induced lightning discharges, the 
primary neutral wire were grounded at the substations, 
only, it would not be a factor in reducing troubles caused 
by lightning; but as a result of this action of the ar- 
resters on the primary neutral wire, that wire becomes 
grounded at each neutral arrester; and it then serves just 
as efficiently as a ground wire to reduce the maximum 
voltage, which would otherwise be reached by the pri- 
mary phase wires, as a special ground wire installed for 
the purpose. This factor, together with the use of 
phase-wire arresters of lower voltage rating, gives the 
grounded neutral system an advantage over systems 
with ungrounded neutral of a reduction of about 40 per 
cent in the maximum crest voltage to which the trans- 
formers are exposed by induced discharges and this 
advantage cannot be overcome by the use of any special 
schemes or devices applicable to the ungrounded system. 


As a result of these reduced transient voltages, and in 
spite of the fact that no lightning arresters are installed 
in the substations, flashovers due to lightning on the 
buses or connections in the distribution substations in 
Chicago are entirely unknown, and the burnouts of 
voltage regulators due to lightning in recent years have 
averaged about 1/20 of 1 per cent per annum. In con- 
trast with this situation, may be cited the experience 
with an ungrounded neutral system having an operating 
voltage about 25 per cent higher than in Chicago, where 
the flashovers in the substation had become so serious 
that a special research investigation® was undertaken to 
determine the cause and the remedy. 

A further indication along the same lines is found in 
the insignificant number of cable failures due to light- 
ning, v2z., about 2 per year with 3,800 points of connec- 
tion between the underground cables and overhead 
primaries. 

Density of Arresters. This subject, quite thoroughly 
covered in the 1920 paper, is one of the most important 
factors. Similar calculations, repeated for several suc- 
ceeding years, confirm the results given in that paper. 

Size of Transformers. Recent records confirm the 
statements and figures in the preceding papers that the 
percentage of troubles decreases with increasing size of 
transformers. In Chicago some reduction of troubles 
has been secured by discontinuing purchases of. trans- 


formers below 5 kva. capacity. 


Age of Transformers. Only 7 per cent of transformer 
burnouts due to lightning have occurred on. trans- 
formers less than,5 years old, (Fig. 4) over 75 per cent 
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occurred on transformers more than 10 years old, and 
the per cent of failures increases with their age. 
Resistance of Lightning Arrester and Secondary Neutral 
Grounds. The records in recent years show no signifi- 
cant change from the results reported in the 1920 paper. 
The records apparently indicate, however, that any 
extra expense to reduce the resistance of lightning ar- 
rester grounds below 50 ohms is not warranted. 
Shielding Effect of Trees, Buildings, Etc. Consider- 
able time and effort has been expended in an attempt to 
determine to what extent, if any, lightning troubles are 
reduced by the shielding effect of trees and structures 
adjacent to the overhead lines. As near as could be 
determined by the methods used in this investigation, 
this shielding effect is practically zero. Numerous in- 
stances have been noted where transformers in such lo- 
cations failed during lightning storms. Theoretical 
considerations do not indicate that any protection 
should be expected from such structures, as long as 95 
per cent of the troubles are due to induced discharges. 
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Figures shown are averages for 1927 to 1931 


ACCURACY OF RESULTS 

In making research investigations on a subject in 
which there is a number of variables, it is recognized 
that, in order to determine the effect of any one variable, 
all others must be held constant. This, of course, is 
obviously impossible in field investigations of lightning 
protection. In spite of all attempts to eliminate the 
lightning as a variable, the relative performance (Fig. 5) 
of different types of arresters varies widely from year to 
year, indicating that the lightning still remains the 
dominant variable. It seems reasonable to assume that 
the average results obtained with the different types of 
arresters over a period of years (Fig. 5) may be in error 
in individual cases by an amount ranging from 10 per 
cent to 25 per cent of the values shown. For example, 
experience in preparation of the 1920 paper! shows that 
the relative order of merit of the different arresters, as 
shown in Fig. 3, would be altered if density of arresters 
were taken into consideration. 


COMPARISON OF DIFFERENT TYPES OF ARRESTERS 


A careful examination of the records obtained from 
various types of lightning arresters shows that one of 
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the types (B, Fig. 3) first placed on the market about 20 
years ago and withdrawn about 10 years later, has not 
been excelled in its protective efficiency by any later ar- 
rester. It consisted of a series of metal gaps with two 
shunting resistors enclosed in a wooden box. This 
arrester, in common with others of that period, had the 
disadvantage of requiring annual inspection and main- 
tenance with occasional replacements of some of the 
parts or the enclosing wooden box or, at times, replace- 
ment of the entire arrester. Severe discharges would 
occasionally melt the metal cylinders and bridge the 
gaps, so that the arrester would not withstand the appli- 
cation of the working voltage across its terminals and, 
therefore, it interrupted the service on that circuit until 
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Heavy solid line represents average for all arresters on the system 


the arrester could be located and disconnected. The 
manufacturers recognized that lightning protection is 
an economic problem, and the next step was to produce 
arresters of the discharge gap type, but enclosed in a 
porcelain tube instead of a wooden box, so that the 
annual inspection was eliminated. They still retained 
in some degree, however, the other defects of type B. 
The first arrester of the so-called ‘‘valve type” was 
installed on the Chicago system in 1922. Since that 
time, all new types of arresters placed on the market by 
the three principal American manufacturers have been 
of the valve type. The replacements of the valve type 
required by failures in service are about one-third of 


similar replacements of the gap type arresters enclosed 


in porcelain. The ideal valve type arrester is one with- 
out a series gap that will discriminate between induced 
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discharges of high frequency and the 60-cycle follow cur- 
rent, opening wide the valve for the former and closing it 
promptly against the latter, and repeat the action year 
after year without reduction in its protective efficiency. 
Considerable progress has been made in these designs 
in reducing the annual maintenance and the replace- 
ments, and it appears reasonable to expect that a valve 
type arrester will shortly be produced having a protec- 
tive efficiency equal to type B. One type of arrester, 
type M, appears to improve in efficiency with age as 
indicated by the records in Fig. 5. 


COORDINATION OF EQUIPMENT 


In recent years there have been presented to the 
A.I.E.E. several papers on the subject of coordination of 
insulation on transmission lines. Apparently the same 
general principle can be extended to distribution circuits 
under the term “coordination of equipment,” that is, 
coordination between the performance of protective de- 
vices and the equipment which they protect. In this 
case it means a coordination between lightning arrester 
performance and the transient voltage limit of distribu- 
tion transformer windings and bushings. For example, 
if 50 kv. is the upper limit of the transient voltage be- 
tween the line terminal of a lightning arrester and 
ground at the time of induced lightning discharges, 
then the transformer, when tested by the application 
of the proposed A.I.E.E. standard impulse waves, 
should withstand a transient voltage test of at least 
100 kv. in order to secure reasonable immunity from 
lightning troubles. This means that there should be 
some coordination between the work of the A.I.E.E. 
Committee on Lightning Arrester Standards and the 
Committee determining standard tests for distribution 
transformers. It appears possible to design and con- 
struct, at reasonable cost, distribution transformers 
that will be practically immune to lightning troubles 
when protected by the modern types of lightning 


- arresters. 


SUGGESTIONS FOR SECURING MINIMUM LIGHTNING 
TROUBLES ON DISTRIBUTION CIRCUITS 


1. Use the four-wire three-phase system of distribu- 
tion with grounded neutral. 

2. Where transformers or cables are connected to 
overhead primary mains, install low-voltage arresters 
on the neutral wire and valve type arresters suitable for 
the Y voltage on the phase wires; avoid duplication 
within 500 ft., and reduce the number, for Chicago con- 
ditions, by one-third. 

3. Use transformers having insulation on the coils 
and leads that will not deteriorate with age and which 
will withstand a transient voltage test safely above the 
voltages to which the transformer will be subjected in 
service when protected by the arresters. 

4. If conditions warrant a second ground rod for 
reducing the resistance of the lightning arrester ground, 
install also a second ground wire down the pole and 
connect it to the second ground rod. 
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5. Select newest transformers for installation in dis- 
tricts of low arrester density and install the older trans- 
formers in high density areas. 


6. Require each customer to ground the neutral wire 
of his house wiring to a water pipe on his premises. 


7. Connect the neutral wire of each section of secon- 
dary mains to at least two ground rods; on long mains , 
install ground rod connections at intervals not exceeding 
600 ft. 


8. Interconnect, to a reasonable extent, the neutral 
wires of adjacent secondary mains. 


9. Interconnect the lightning arrester ground wire 
and the secondary neutral wire when the latter is well 
grounded. 


10. Where transformers are connected to primary 
mains 1,500 ft. or more distant from the nearest trans- 
formers, install on the pole about 600 ft. from the trans- 
formers the same lightning arrester equipment as on the 
transformer pole. 


11. Ground the lead sheaths of all underground pri- 
mary cables. 


By following these suggestions and giving the subject 
continuous engineering supervision, it appears possible 
to reduce the number of transformer troubles in Chicago 
caused by lightning, that is fuses blown plus transformers 
burned out, to less than one case of trouble per year 
per one thousand transformers installed. 


It is regretted that the limitations of space do not 
permit the presentation of all the data on which the con- 
clusions and suggestions in this paper were based. 
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Lightning Protection for Distribution 
‘Transformers 


BY T. H. HAINES* 


Member, A.I.E.E. 


Synopsis.—This paper presents a five year history of the results 
of lightning arrester protection for distribution transformers in New 
England where the normal ground electrode resistance is much higher 
than in most other parts of this country. 

The experience shows that the trouble rate of the protected trans- 
formers has consistently been materially less than that of those not 


DESCRIPTION OF SYSTEM 


HE Edison Electric Illuminating Company of Bos- 
ton distributes electrical energy in 40 cities and 
towns, embracing 650 square miles in and about 

the city of Boston. The soil is generally sandy and 
rocky and of such a nature that the obtaining of what 
are generally considered low resistance grounds is ex- 


TROUBLES PER 100 TRANSFORMERS 


ARRESTER LOCATIONS PER SQUARE MILE 


1—VAaRIATION OF TROUBLE RATE witH LIGHTNING 
ARRESTER Density 1927 


Fig. 


Note: Individual points or groups of points represent the observations in 
a single town; the number of points in any group being approximately pro- 
portional to the number of transformers in the town 


tremely difficult if not impossible. There are many 
hills and valleys and numerous rivers and small streams 
wind through the territory. A total of 325,000 retail 
customers is supplied from 10,200 distribution trans- 
formers. All power customers are fed from three-phase 
transformers of which there are 1,500 overhead and 500 
underground. Of the single-phase lighting transfor- 
mers, 7,300 are overhead and 900 underground. 

In general, the primary distribution system is radial 
in type and operates at 2,300/4,000 volts, three-phase, 

*Both of the Edison Electric Illuminating Company of Boston. 
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protected, notwithstanding the seemingly adverse conditions. It also 
shows that the effectiveness of the arresters is practically independent 
of the ground resistance when above a value of 100 ohms. 

Design features of transformers are shown to be of prime impor- 


tance in reducing flashovers in and around the equipment. 
Be MAY al 


four-wire, with the neutral ungrounded. ‘There are ap- 
proximately 235 such circuits of which 20 per cent of the 
circuit miles are estimated to be underground. 


INTRODUCTION 


This investigation was undertaken to determine, if 
possible, a means of lessening or eliminating the troubles 
in and about distribution transformers due to lightning. 

For years, the occurrence of lightning storms in this 
territory has been accompanied by numerous blown 
fuses, damaged and burned out transformers, and other 
troubles, all of which caused considerable outage to cus- 
tomers with consequent annoyance to them as well as 
expense to the Company. 


presents Approximately 
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RESISTANCE 1927 


Lightning arresters of conventional type had not been 
used to any extent principally due to the opinion that in 
order to have satisfactory performance of this equip- 
ment it was absolutely essential to have low resistance 
ground connections. Those familiar with New England 
soil conditions realize that a low resistance ground at the 
foot of a pole is a rarity. This condition was empha- 
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sized in 1917 when the Bureau of Standards made a 
general survey of ground resistance conditions and 
found that they were worse in New England than any- 
where else in the country. 


PRELIMINARY STUDY 


With the growth of the system conditions were be- 
coming so acute that early in 1923 it was decided to 
make a trial installation of a number of standard light- 
ning arresters notwithstanding the fact that there was 
little hope of. getting what was considered a low resis- 
tance ground. It was at first necessary to determine 
where and how a start should be made. 

Trouble records as related to the effects of lightning 
were rather meager at that time, but there were,avail- 
able records of the locations of all transformers which 
had been changed on account of lightning troubles for a 
period of years previous to 1928. These locations were 
spotted on a map of the system, and some of the circuits 
in the areas where the spots were thickest were chosen as 
the first to be protected. 

From past experience certain areas in and closely 
adjacent to the City of Boston had shown a trouble rate 
about one-third that of the rest of the territory, and 
usually much under 10 per cent. There is now a total 
of 3,400 overhead transformers in these areas, none of 
which is protected by lightning arresters. As this sec- 


tion is more thickly settled than the rest, its compara- . 


tively low rate is thought to be due to the shielding 
effect of structures. As a result of the above, no pro- 
tection was intended for this area and it has conse- 
quently been eliminated from the study. Fig. 3 shows 
the protected area in which there are now approximately 
5,400 overhead transformers. 


PROCEDURE 


Lightning arresters rated for circuits of 4,000 to 5,000 
volts, of three manufacturers each having seemingly 


desirable characteristics and porcelain housings, were | 


selected. Single-phase transformers which are con- 
nected between a phase wire and neutral were equipped 
with two arresters, one from each wire to ground. Three- 
phase transformers which are connected to each of the 
three-phase wires were similarly equipped with three 
arresters. It was planned to equip about 500 locations 
a year. 

As it was estimated to cost an average of $50 per 
transformer for lightning arrester protection, it was not 
deemed economically justifiable, in general, to install 
the equipment on transformers under 7.5 kva. capacity. 
As the records showed, however, that transformers on 
dead ends were more susceptible to lightning troubles 
than the others, it was decided to protect those as small 
as 5 kva. eapacity at these locations. 

Due to the previously mentioned opinion as to the 
necessity for low resistance grounds, it was decided that, 

1. Bureau of Standards publication No. 108, “‘Ground Con- 


nections for Electrical Systems,” by O. 8. Peters, dated June, 
1918. 
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for the first trial group, lightning arresters would not be 
installed unless a ground connection of 250 ohms or less 
could be obtained. Even this value of ground resistance 
will appear unreasonably high to many who are accus- 
tomed to readily obtaining values as low as one-tenth of 
this figure or even less. 


Accordingly in 1925 the first group of arresters was 
installed. It was soon found after work had started that 
even 250-ohm grounds were difficult to obtain and con- 
sequently, in order to be able to complete a reasonable 
number of installations for observation, the limit above 
which arresters should not be used was raised to 1,000 
ohms. 


1927 STUDY 


No attempt was made to analyze operating records 
until 1927 as it was thought that the number of instal- 
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1. Protected and unprotected areas 

2. Per cent protection in each town 1930 

3. Locations of the Weather Bureau observation stations 

Edison territory is shown within heavy line 

Single crosshatched areas have municipal distribution 

White areas indicate ultimate 100 per cent arrester protection 

Double crosshatching indicates unprotected area 

Black squares indicate observation stations of the U.S. Weather Bureau 
Acton and Maynard were added to the system in 1929 
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lations in service previous to that time was too small to 
obtain reliable data. The operating forces were kept 
acquainted with the progress of installations and the 
object and aims of the proposed study, and were im- 
pressed with the desirability of complete and accurate 
records of troubles. 

From the procedure established, it will be noted that 
in any area selected for protection some transformers 
were protected and some were not. It was thought that 
in general this practise would give us a means of com- 
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TABLE I—PER CENT TRANSFORMER TROUBLES DUE TO LIGHTNING, 1927 
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paring the performance of those transformers protected 
with those not protected. 

The data collected had been tabulated for the areas to 
be protected. Records of blown fuses, coil, lead, bush- 
ing and terminal board troubles comprised part of the 
data. Previous to the storm season, all lightning ar- 
rester grounds were regularly measured for ground re- 
sistance and those over 250 ohms were treated with salt 
and water and/or had additional rods driven in an 
attempt to lower them. 

The resulting tabulation is shown in Table I. From 
this table it would appear that the installation of light- 
ning arresters on certain transformers had decreased all 
types of lightning troubles on these transformers by 40 
per cent and all troubles except those classified as mis- 
cellaneous, by 50 per cent. 


A study was made of the effect of lightning arrester 
density per unit area on the transformer lightning 
troubles. The troubles per one hundred transformers 
were plotted against the lightning arrester locations per 
square mile, the towns on the system being taken as the 
unit areas. This graph is shown in Fig. 1, and indicated 


a distinct improvement as the density increased which 


seems to check the conclusion reached by Mr. D. W. 
Roper.” 

The effectiveness of various values of ground resis- 
tance was studied by the method shown in Fig. 2. It 
appears from this that values of ground resistance from 
100 ohms to 2,000 ohms have little if any effect on the 


2. Studies in Lightning Protection on 4,000-Volt Circuits, by 
D. W. Roper, A.I.E.E. Trans., V. XXXV Part 1, p. 655 and V. 
XXXIX Part 2, p. 1895. 
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number of troubles. In the course of discussion of these 
data the question was raised as to whether the ground 
resistance offered to 60-cycle secondary current which 
was used for testing might be different from that offered 
to lightning waves. The question was taken to the 
manufacturers and an investigation made by them 
showed that resistance values offered to lightning waves 
are appreciably less than those offered to 60-cycle cur- 
rents.’ This may account to a certain extent for the 
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arresters. The fact that proportionately more troubles 
occurred on transformers 5 kva. and smaller, and that 
in general the smaller transformers are more remote 
from maintenance headquarters, together with the im- 
provements shown with increased arrester density, led 
to the decision that all transformers in the towns in the 
protected area should ultimately be protected. 
Asafurther result of the studies and in an effort to apply 
thenew program most effectively all locations which were 


TABLE II—SUMMARY OF LIGHTNING EXPERIENCE IN PROTECTED AREA 
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relative effectiveness of ground connections having a 
high 60-cycle resistance. 


1928 STUDY 


The study was continued, and more lightning ar- 
resters were installed. This year the lightning storms 
were much less frequent than in the previous year result- 
ing in only about one-half as many transformer troubles 
as in 1927. The summary of troubles for this year is 
presented in Table II which indicated that the troubles 
with protected transformers were considerably less than 
the troubles with unprotected transformers. The effect 
of lightning arrester density and of ground resistance 
was again studied with results substantially as in 1927. 


1929 STUDY 


As a result of the experience of the previous two years, 
lightning arresters were installed at a more rapid rate 
and ground resistances up to 2,000 ohms for trans- 
formers larger than 10 kva. were accepted, although as 
before salt treatment was given where possible.in an 
endeavor to lower the resistance of such installations. 

The same type of tabulation has been made as for the 
previous years a summary of which is given in Table II. 
This again shows even more strikingly the effectiveness 
of protection as in this year there was proportionately 
more than three times as much trouble on unprotected 
transformers as on protected ones. 

An analysis of the troubles with transformer by sizes 
showed that while transformers, 5 kva. and smaller, 
constituted slightly less than 30 per cent of all the 
transformers, they accounted for more than 50 per cent 
of the troubles. 

1930 StuDY 


Three consecutive years had apparently howd the 
effectiveness of the protection afforded by lightning 


3. “Impulse Characteristics of Driven Grounds,” by H. M. 
Towne, G. £. Review, November 1928. 


not protected and where trouble occurred more than 
twice in 1929, were equipped with arresters. Also a 
small group of towns which had experienced excessive 
lightning troubles were selected and arresters were 
added to give 100 per cent protection before the 1930 
lightning season. 

The map Fig. 3 shows the proportion of transformers 
protected by lightning arresters in the various towns as 
of 1930. The summary of troubles for this year is shown 
in Table II. 

As 100 per cent protection is approached, it is readily 
seen that the means of comparing the effectiveness of 
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PARED TO TRANSFORMER TROUBLES 1925-30 


the work tends to disappear and a need for some other 
measure to show the progress being made becomes evi- 
dent. The Weather Bureau records observations of 
lightning storms from several stations in and about our 
territory. The observations reported have been totaled ° 
and called the storm severity factor. This factor is used 
as a divisor to modify the trouble rate in an attempt to 
render them comparable. 
The map, Fig. 3, locates these observation points, and — 
Fig. 4 gives the record each year compared: with the 
troubles in the same year. ; 
The curve za kot the improvement {GTN 


March 1932 


the application of arresters is shown in Fig. 5, the rate of 
troubles modified by the storm severity factor is plotted 
against arrester protection in per cent. Extrapolation 
of the trend gives an indication of the improvement that 
may be expected by further additions of lightning ar- 
resters. As will be noted, this trend for the area con- 
sidered is shown as a straight line. 

The other curves in Fig. 5 showing an individual town 
and a group of towns are given to indicate the effect of 
100 per cent protection in lowering the trouble rate. 
These towns were selected for complete protection on 
account of the severity and frequency of storms in their 
locality. 

Using this expectation curve as a basis, it can be 
shown for this system that the annual saving in cost of 
maintenance to be expected by the decrease of troubles 
anticipated by protection of all the remaining trans- 
formers in the area will be sufficient to finance the in- 
vestment required. Additional gain will be realized in 
decreased customer outage and decreased handling and 
overhead expenses which were not included in the cost 
analysis. 

The investigation in 1930 furnished additional data 
for consideration and indicated that the shielding effect 
of structures and other conductors may have a more pro- 
nounced effect in protecting transformers and fuses 
against lightning outage than had been previously 
recognized. In support of this, Figs. 6 and 7 show re- 
spectively the troubles vs. arrester density per square 
mile, 1927 to 1930, and trouble vs. population density 
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Fig. 5—VarRiaATION oF TROUBLE Rate (CORRECTED FOR 
VARIATION IN NUMBER OF WEATHER BUREAU OBSERVATIONS) 
with Per Cent Protection 1927-30 


per square mile for 1930. Since population density is a 
rough measure of the shielding afforded by buildings, 
the shielding may be a factor governing the trend of 
Fig. 7. This should be interpreted as meaning that the 
trouble rate in any area is the result of combination of 
the effects of shielding and arrester density, each of 
which contributes its share in the final result. 

In 1929, it was learned that transformers of small 
sizes were particularly susceptible to lightning outage. 
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The 1930 analysis has brought out the same condition 
but more strikingly. Sixty-seven per cent of the total 
troubles was on transformers of 5 kva. and smaller. 
This group constitutes 28.5 per cent of the total number 
of transformers. 

In Fig. 8, is presented a comparison of the effect of 
arrester ground resistance on the efficiency of lightning 
arresters. As previously mentioned, the average ground 
resistance is high, being over 200 ohms. This curve 
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Fig. 


Note: Individual points or groups of points represent the observations in 
a single town; the number of points in any group being approximately pro- 
portional to the number of transformers in the town 


covers the four years of the experience records. On 
resistances below 100 ohms, it is found that decreased 
resistance makes a definite improvement in the effective- 
ness of arresters, whereas above that point our experi- 
ence has indicated that the effectiveness is not ma- 
terially reduced by high ground resistance. The upper 
horizontal line on Fig. 8 shows the average trouble in- 
tensity for unprotected transformers; compared with 
the curve it has been concluded that arresters even with 
very high ground resistances give valuable protection. 

As stated previously, lightning arresters of three 
manufacturers were used. Records of troubles have 
been segregated and tabulated by makers for the years 
1927-30 and are shown in Table III. From the table it 
appears that for our conditions there is little to choose 
between them. 

During 1930 careful inspections were made of nearly 
all the transformers where fuses were blown during 
lightning storms. Evidence of arcing was found in 
nearly every case. The arcing seemed to be concen- 
trated on those transformers which were of more or less 
ancient design with small primary bushings, insufficient 
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internal clearances, primary terminal boards, etc. 
Tabulation of the results indicated that transformers 
made previous to 1910 gave several times as much trou- 
ble as those manufactured since then, and inasmuch as 
previous to this date the use of high loss iron for the 
transformer cores was the rule, the policy has been 
adopted of eliminating these old transformers from the 
system. All other transformers passing through the 
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Fig. 7—VARIATION OF TROUBLE RATE WITH POPULATION 


Density 1930 


Note: Individual points or groups of points represent the observations in 
a single town; the number of points in any group being approximately pro- 
portional to the number of transformers in the town 


shop are rebuilt to improve the internal clearances and 
are equipped with modern bushings. 


1931 STUDY 


While the data for the year 1931 have not been care- 
fully studied on account of lack of time the summary of 
therecordisshownin TableII. Amarked decreasein the 
total number of troubles as well as in the trouble rate 
will be noted. Again the rate of trouble on protected 


TABLE III—TROUBLES FOR 100 INSTALLATIONS 
OF LIGHTNING ARRESTERS 
(By Manufacturer) 
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transformers is less than half that of the unprotected. 
The marked decrease in troubles is due in part to the re- 
building of about 25 per cent of the transformers which 
provided them with new bushings and the removal from 
the system of a large percentage of the small transform- 
ers with inadequate clearances and which were built 
previous to 1910. 

It should be noted that the improvement in the opera- 
tion of the protected transformers in general remains the 
same as in previous years even with nearly all the small 
trouble making transformers removed from the system. 


CONCLUSIONS 


1. Experience has indicated that the application of 
lightning arresters to line transformers in areas affected 
by lightning reduces the trouble rate by about 50 per 
cent. 

2. Variation in ground resistance within the values 
readily obtainable in this territory has slight effect on 
the efficiency of the arrester. 

3. The value of treating grounds or the installation of 


ae rei 

19% Average Trouble Rate of ++] 
Pats Protected Transformers Si siee 
BeBe yae: o Represents Approximately 


ae tice Sree 770 Transformers a 


TROUBLES PER 100 TRANSFORMERS PER 
100 WEATHER BUREAU OBSERVATIONS 


400 800 1000 1200 


600 
OHMS GROUND RESISTANCE 


Fic. S—VARIATION OF TROUBLE RATE wITH GROUND 


REsISTANCE 1927-30 


multiple grounds in an effort to lower resistance is 
questionable unless by so doing the resistance can be 
decreased to a value approximately 100 ohms or less. 

A. Insufficient electrical clearances in the smaller and 
older transformers are an important source of lightning 
trouble. Larger bushings, and greater clearances are 
clearly indicated as a necessary feature of correct trans- 
former design. 


Discussion 
For discussion of this paper see page 271. 
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Synopsis.—In the analysis of distribution lightning problems, 
many factors must be considered, and long-time experience is neces- 
sary to permit reliable conclusions. Philadelphia Electric Company 
studies indicate that service interruptions due to primary distribution 
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system trouble are in a large part due to lightning. Primary system 
trouble is found to cause far more customer interruptions than secon- 
dary system trouble. 


INTRODUCTION 


NVESTIGATIONS of lightning troubles occurring 
on the distribution systems have been conducted by 
the Philadelphia Electric Company since 1921. The 

purpose of these has been to determine: 

a. The magnitude and nature of the trouble in vari- 
ous localities. 

b. Effectiveness of lightning arresters under field 
conditions. 

c. Ways and means for improving service continuity. 

As experience was gained, studies were broadened to 
cover a large number of the factors which appeared to 
have an important bearing on the problem. 

During the interval 1921-1929 inclusive, investiga- 
tions were confined to Philadelphia. In 1930 they were 
extended to all parts of the system, which now includes 
approximately 23,000 aerial transformers. The territory 
served covers approximately 1,900 sq. mi., which for 
operating purposes is divided into six divisions, as indi- 
cated in Fig. 1. The density of population ranges from 
sparsely settled rural districts to densely settled city 
areas. 

The majority of the transformers is single-phase with 
the secondary neutral grounded at customers’ services 
to the water system or to driven grounds. Where driven 
grounds are used, outside of Philadelphia the neutral is 
also grounded at the transformer or at the adjacent pole. 
Transformer cases are not grounded. k 

For the system as a whole, arresters are installed on 
approximately 50 per cent of the transformers. In 
Philadelphia and Delaware Divisions, however, approxi- 
mately 25 per cent are so equipped. In general, no 
arresters are installed for line protection except at 
aerial-to-underground terminal poles. Arrester grounds 
in all divisions average 100 to 150 ohms. 


LIGHTNING STUDIES—PHILADELPHIA DIVISION 
1921-1929 

During this period, investigations were made of light- 
ning trouble on transformers in Philadelphia where the 
distribution system is 2.3 kv. two-phase, ungrounded. 
A material improvement was accomplished in the first 
few years of that period probably due in great part to 

*Philadelphia Electric Company, Philadelphia, Pa. 
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gradual changeover from small to large fuses on all 
transformers. Other changes, contributing to further 
reductions in trouble, were (a) installation of arresters 
in areas known to be particularly susceptible to light- 
ning trouble, (b) replacement of iron fuse boxes, with 
boxes of porcelain or other moulded insulating materials, 
(c) removal of high terminal boards in transformers, 
and (d) gradual growth of the system necessitating larger 
transformers which experience indicates are less sus- 
ceptible to trouble. 


Investigations were confined to analyses of fuse blow- 
ings and transformer failures. Comparisons of trouble 
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on protected and unprotected transformers (reduced to 
cases of trouble per 100 transformers in service) ap- 
peared to indicate that arresters were not providing 
satisfactory protection. This was attributed to the 
relatively high resistance of the arrester grounds which 
averaged well over 100 ohms. 


LIGHTNING STUDIES—ALL DIVISIONS, 1930-1931 


In 1930, the studies were broadened to include many 
factors which from experience, appeared to be of major 
importance to the problem. Also, these studies were 
extended to the territory of the former Philadelphia 
Suburban-Counties Gas and Electric Co. and of the 
Susquehanna Utilities Co., which had become a part of 
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the Philadelphia Electric System. This permitted in- 
vestigations on a variety of systems as follows: 

a. 2.8 kv., two-phase, three-wire, ungrounded. 

b. 2.3 kv., three-phase, three-wire, ungrounded, delta- 
connected. 
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Masor Factors INVESTIGATED DURING 1930-1931 


The following factors which appear to be of major 
importance to the problem as a whole will be discussed: 


i 1. Size of transformer 6. Lightning storm severity. 
ce. 4.1 kv., three-phase, four-wire, gr ounded, star- 2. Age of transformer. 7. Effect of ground resistance. 
3. Arrester protection of trans- 8. Relation of primary (2.3 
connected. viel ave former. - kv.) to secondary (115/230 
d. 6.6 kv., three-phase, three-wire, ungrounded, delta- Bien acerecioaet or trans- volt) trouble. 
former. 9, Analysis of customer-hour 


connected. 

The first is used in the Philadelphia and Delaware Divi- 
sions, while the second and third are used in the Eastern, 
Main Line and Schuylkill Divisions. (See Fig.1.) The 
2.3-kv., three-phase, and the 6.6-kv., three-phase sys- 
tems are used in the Susquehanna Utilities Co. ‘ 

From observations thus far it has been impossible to 
detect any difference in susceptibility to lightning be- 
tween grounded and ungrounded systems. This will be 
closely watched in future work. 


5. Shielding—exposed and un- 
exposed locations. 


interruptions. 


Discussion of these items will be based largely on 


experience in the Philadelphia Division, for which more 
complete information was obtained than for other areas. 
SIZE OF TRANSFORMERS 


The amount of trouble experienced in all divisions in 
1930 decreased with increasing size of transformer, as 


TABLE I—SUMMARY OF TRANSFORMER LIGHTNING TROUBLE—1930 


Transformers Troubles per 100 transformers 
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Philadelphia) mccaewe eae aeeee BAG Tika rstiseeee tee BOE Rin abe Gamal Mere ke 280 wichita Gaatee Hi Bis 8 SOY eel aon bart eRe eee ase ot Oy 2.7 
ASHORE so 6 gorcrael yah hane, ites yates Siete ie oe OF EEA te arene ee Ds Ces co uibes ore 20ers cree oe Uap? tea PNR Br ONCE ind 1 Si J Sees cat meee 6.0 
Seb ayn BAe sere ciaisie Sa ashe AO Caer LOO Mie SMa ees ane LURE org ine ratte ers oat GOd Ween OFG cre eaee eS AS Diy ck a eee ete 1.8 
Main: Ditie,. 225/64 sie 8 os eee exes 3,043 SHG 97 feat a hy ot ane SA 6247] A enh esc at ne gees iajog Ux ye oeras as oat ee Di sschic seu eee hee Be ha2 
Delaware). anh see ce ee eee BD ZOOR AG A. scat EAA Tene Sy Ne ey rages 20... SND aie sialon coe tae oak, Sees OP. cerca eee ate 0.9 
Susqe Utilities; o.n-n. os eee oe DBS perc wetecr ae ialeheos GON a reee, cae eee ors 275. S2GRE Ce SAS aan DVS aAs feo oes 28.7 
Total: Sy sterile eee eee QP ROLE Te ater 1 On Bidens eee ee meas" 1064.0 5 eee Ey SPA AE eat SEE i, je aga bo te ce 4.6 
TABLE II—SUMMARY OF TRANSFORMER LIGHTNING TROUBLE—1931 
Transformers Troubles per 100 transformers 
Division Number in service Average size-kva. Total troubles Fuse and fuse box Transformer Total 
Philadelphia Aerie ie Acco ee ee 8,312.. BOS ec cian eee ares PBSs in. ce etalk fence DAB Adin beth ain aoe Pemee OiDs Pa ee See, crete ae 
aS COri FE ens ee tore teen, ea eas BBS, wr tacareee hirar ak nke LO ALAA eet eres I CR RS we Se Sia Lite Wik Fer wots ete eo ee nee 6.9 
Beh Ty TRAIT es teeny cat ae ae 3,863.. LOD ee crteannatsl oer eet tale LOO} ls Gorlaneas Ree BER cn ve etegiceess etek Dias ohm geeee pC 5.0 
Main BING ctyamiane ce sa eee eee LOT NaS enedts Rat 1 WO: LN eg are ere ea yA WEEE Rae 2 ee, BoD ie whale cee Da lode eter a Aa CO 6.9 
Delaware: } Soon wariecle ine we eT DRS PQORS Soiree eases et tA NI Ase 032: eed tgeetoncas | cA TRC ALC 2.0 
Susy Wiilitless hag ose oer 1,182. GON. oe ee ecto OG) secrete fot ees ov TED Arcenbe me ORG, 2d Se 8.1 
MOURA SHStOM sy cae yfysi ees act Des OWA clots cuits Una pee Osi Ae Lam ce erent TOS. cites skomnateede Re RC AY eC Ae, UFR SOPs ee 4.5 


SUMMARY OF LIGHTNING TROUBLE—ALL DIVISIONS, 
1930-1931 


During 1930, approximately 5 per cent of the trans- 
formers on the combined system experienced lightning 
trouble. Of these, 68 per cent represents transformer 
fuse and fuse box trouble, and the remainder trans- 
former (bushing, lead or winding) trouble. In 1931 a 
similar condition was found. This experience is sum- 
marized in Tables I and II. 


The higher rates in several of the suburban divisions 
than in Philadelphia are believed due in part to the use 
of smaller transformers. which influence both fuse and 
transformer troubles. In Delaware Division the rate 
was lower than in Philadelphia due probably to less 
severe storm conditions. 


indicated in Fig. 2. For all transformer sizes, fuse and 
fuse box trouble was found to be greater than trans- 
former bushing, lead or winding trouble. Similar con- 
ditions were also found for all divisions in 1931. 

The greater trouble on the small transformers is be- 
lieved largely due to (a) smaller clearance between leads 
and case, and (b) smaller bushings, thus permitting 
more flashovers at these points with resultant short cir- 
cuits. Lead trouble and winding trouble:are compared 
in Fig. 4. 

Therefore reduction in trouble should result from re- 
placement of the smaller transformers with larger ones 
or with those of like size of recent design. 


AGE OF TRANSFORMER 
From limited information obtained in 1930, the age of 
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transformers based on date of manufacture (informa- 
tion from serial number, not date installed) appears to 
be of importance only on sizes of 5 kva. and less. For 
these, it is believed the newer transformers are less sus- 
ceptible to lightning than the older. 


ARRESTER PROTECTION OF TRANSFORMERS 


Analysis of arrester performance, neglecting trans- 
former size, has shown consistently during the past five 
years that arresters apparently effected little reduction 
in trouble. However, the same data, when analyzed 
with respect to transformer size, based on the rate of 
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troubles on various size-groups, indicates that trans- 
formers of 15 kva.and less were not materially benefited, 
but that those above 15 kva. showed a considerable re- 
duction in trouble as indicated in Fig. 5. These observa- 
tions result from studying all cases of trouble, about 
1,000 in number, on approximately 2,500 protected and 
5,500 unprotected transformers fairly evenly distributed 
throughout Philadelphia Division. The significance of 
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the latter is that protected and unprotected trans- 
formers were subjected to essentially the same storm 
conditions. 

Reductions shown in Fig. 5 were determined by com- 
paring the number of cases of trouble on protected 
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transformers with the number which probably would 
have occurred had:the transformers been unprotected. 
By this method variations in storm conditions from 
year to year did not affect the analysis. 
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Erroneous conclusions concerning overall protection 
may result by calculating protection from the rate of 
trouble on protected and unprotected transformers, with- 
out regard to the number of transformers or cases of 
trouble in the individual size groups; the latter method 
does not properly weight the difference in performance 
of various size transformers. The particular data under 
analysis shows 28 per cent probable reduction in trouble 
by the method used and 10 per cent if such weighting 
were neglected. 

The apparent poor performance of arresters on small 
transformers may be due to the relatively low voltage 
breakdown of leads to case, resulting from restricted 
clearances. Thus, the breakdown voltage of thé trans- 
former leads may approach too nearly that of the ar- 
resters. It is believed this applies particularly to older 
transformers. 

The foregoing experience was obtained entirely on the 
two-phase system. For the three-phase systems, the 
study has not advanced sufficiently to permit a similar 
analysis. 


FUSE PROTECTION OF TRANSFORMERS 


Fuse size has an important bearing on the number of 
fuse operations during lightning storms. These were 
materially reduced in Philadelphia Division and Susque- 
hanna Utilities Co. by changing from small to large fuses 
without appreciably increasing transformer failures. 

The former practise was to protect against overloads 
by fusing at one ampere per kva. of transformer capac- 
ity. Fusing against short circuits is now general 
throughout the system. 


SHIELDING—-EXPOSED AND UNEXPOSED LOCATIONS 


Thus far it has not been found possible to establish 
any satisfactory relation between trouble experienced 
from lightning, and shielding provided by trees, tall 
buildings, topography and similar factors. However, 
it is felt that this may be a significant factor, since where 
shielding prevails, less lightning trouble is likely to 
result. 


LIGHTNING STORM SEVERITY 


Approximately 45 per cent of all distribution system 
lightning trouble for 1931 to September 1, occurred dur- 
ing one storm (July 14) although 20 or more other 
storms occurred during this period. This, with similar 
experience in previous years, indicates the number of 
storms to be an unsatisfactory measure of the overall 
lightning severity for a given year. 

Although storm severity is believed to have a fairly 
definite relation to the amount of trouble, personal ob- 
servations and impressions have not been found satis- 
factory for estimating lightning severity. A storm 
severity meter in process of development by the General 
Electric Co. appears to hold promise as a means for 
obtaining reliable data. 
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EFFECT OF GROUND RESISTANCE 


Theoretically, the lower the arrester ground resis- 
tance the greater will be the reduction in surge voltage 
upon arrester operation. This, together with the 
favorable performance of arresters on the Company’s 
13.2 kv. lines, with grounds reduced to 15 ohms or less, 
is largely responsible for the effort directed to improving 
distribution grounds. 

Measurements on single driven grounds widely dis- 
tributed throughout the system indicated an average 
resistance of the order of 100 ohms. Accordingly, con- 
sideration was given in 1931 to the following methods of 
improving grounds. 

1. Salt Treatment. 

2. Multiple Ground Rods. — 

3. Connection to Water System. 

4. Connection to Secondary Circuit Grounded Neu- 
tral. 

Methods 2 and 4 were experimented with as discussed 
below: 


Method 2—Multiple Ground Rods. In _ northeast 
Philadelphia where lightning trouble was serious, 345 
installations of ground rods in multiple with existing 
arrester grounds were completed in July 19381. Witha 
maximum of four additional rods (10 ft. long by 34 in. 
diameter) per location, it was possible to reduce 45 per 
cent of the grounds, many of. which originally exceeded 
50 ohms, to less than 15 ohms, and all to less than 50 
ohms. 


To September 1, 1931, eight cases of trouble occurred 
at these locations. Of these eight cases, seven occurred 
where grounds exceeded 15 ohms. Expressed as troubles 
per 100 transformers, these data indicated that loca- 
tions with grounds below 15 ohms experienced about 18 
per cent as much trouble as those having grounds above 
15 ohms. However, this is based on very short experi- 
ence and therefore should not be considered conclusive. 

Multiple rods were also installed in an area outside of 
Philadelphia where lightning troubles were even more 
serious than in the Philadelphia area. Here the 266 
installations were completed in June, 1931. Essentially 
the same reduction in resistance was obtained as in 
Philadelphia. To September 1, 20 cases of trouble 
occurred at these locations. However, approximately 
the same rate of trouble occurred at locations with high 
as with low resistance. 

The foregoing shows a marked difference in experience 
in the two multiple rod areas. This is believed due to 
the relatively small transformers in the area outside of 
Philadelphia, averaging about 4 kva., as compared 
with 15 kva. in Philadelphia. As previously discussed, 
studies have shown that little lightning protection can 
be obtained for the small transformers. 

Method 4—Connection to Secondary Circuit Grounded 
Neutral. Because of its low cost and added advantage 
of tending to equalize surge potentials on primary and 
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secondary sides of the transformer during arrester 
operation, connection between the arrester ground 
wire and secondary circuit grounded neutral has been 
studied. Trial installations of this connection, here- 
after called the “‘neutral tie’’ were completed early in 
June, 1931 at 151 locations, involving 179 transformers. 
For comparative results these were concentrated in 
an area adjacent to where multiple rods were installed 
in Philadelphia, and in which lightning troubles have 
been equally severe. The scheme is shown in Fig. 6. 
The neutral tie was applied only where a prescribed 
secondary ground grid existed. This was defined as 
locations where the ground resistance of the secondary 
neutral measured less than 15 ohms and where the sec- 


Existing Ground 
to Water Pipe at 
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Existing Ground 
to Water Pipe at 
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Fig. 6—ScuEMAtTic DIAGRAM FOR INTERCONNECTING ARRESTER 
, Ground Wire AND SEeconpary Circuir GROUNDED NEUTRAL 


Philadelphia division 


ondary circuit fed 10 or more customers whose service 
neutrals were grounded to water pipes. Existing ar- 
rester grounds were retained, although where of high 
resistance their protective value is doubtful. The re- 
sulting ground resistance was in all cases less than 10 
ohms as determined by megger measurement. 


To September 1, only one case of trouble, a trans- 
former fuse blowing, occurred at neutral tie locations. 
This was not accompanied by trouble on the secondary 
circuit or customers’ equipment. In this area 94 pro- 
tected transformers without the neutral tie (because 
secondary circuit conditions did not meet the require- 
ments) had approximately the same rate of trouble as 
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those with the neutral tie. In the same area, 754 un- 
protected transformers experienced considerable trouble, 
thus indicating the area had been exposed to lightning 
storms of moderate severity. 

Although this short experience indicates the feasibil- 
ity of the neutral tie, observations over a long time and 
with a larger number of installations must be obtained 
before dependable conclusions may be drawn. 

Analysis of customer meter trouble due to lightning 
during the storm of July 14 indicated less trouble on 
secondary circuits fed from transformers with arresters 
connected to the neutral than on those from unpro- 
tected transformers. This indicates the neutral tie did 
not aggravate secondary troubles and therefore, im- 
posed no additional hazard on persons or property. 


RELATION OF PRIMARY (2.3 Kv.) TO SECONDARY 
(115/230 V.) TROUBLE 


To determine the relative magnitude of primary and 
secondary system troubles during lightning storms an 
analysis of these was made forthe storm of July 14. The 
trouble during that storm was selected for study be- 
cause there was an unusually large amount of it and 
because information concerning it was concentrated in 
the records. It was later found that approximately 70 
per cent of the total 1931 primary system trouble in 
Philadelphia occurred during that storm. The troubles 
together with the estimated number of customer-inter- 
ruptions are summarized in Table III. 


TABLE III—*PRIMARY AND SECONDARY LIGHTNING 
TROUBLE AND ESTIMATED CUSTOMER INTERRUPTIONS DUE 
TO STORM ON 7-14-31 
Philadelphia Division 


Number’ Estimated 
of customer in- 
Classification of trouble cases terruptions 
Primary system (2.3 kv.) 
Transformer fuse and fuse box................. GO Arbre. 4,140 
Transformor windingh p+ ave cose a i echeatsretecer BOM ce Ates 1,800 
Transformer lead): 34. eee nls abies ete she pacha els PV eRn en ye 1,620 
Primary. wires owe - x sferess a arscebcstaincinpe oie tons’ = U2 ER tas 4,500 
15S See a 12,060 
Secondary system (115/230 v.) 
Customers’ service fuses blown.................1,200...... 1,200 
Customers’ defective apparatus, appliances, 

Cords, ANG WINE His scleauels a thacele a hecwiser degenerated BOO) aertenet 300 
Meters damaged) }ty ou Since dei eaves aut tcte eee, LSBi te ge 138 
Outside (external to service connections)........ 90...... 90 
Service:pipes)s. sik eit Hee. Seb ee eee ahi eae, 2 

TeV 2 vetes ae 1,730 


*Excludes service lost due to circuit interruptions at substations. 


The relative magnitude of primary and secondary - 
trouble might also be compared on a customer-hour- 
interruption basis. However, the duration of the two 
should be essentially the same as far as nature of repairs 
is concerned. 

Correlating the 138 cases of customers’ meter trouble 
with the 153 cases of primary system trouble shows 
that only two of the former occurred on secondary cir- 
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cuits fed by transformers experiencing primary trouble. 
Accordingly, secondary circuit trouble must be due 
largely to lightning disturbances originating on that 
circuit. 

It is evident from the causes of customers’ interrup- 
tions that greater overall improvement in service con- 
tinuity may be accomplished by attacking the primary 
rather than the secondary situation. However, from 
the viewpoint of service to the individual customer, 
interruptions from secondary trouble are just as impor- 
tant as those due to primary trouble. Consequently, 
efforts should also be directed toward reducing secon- 
dary trouble. 


ANALYSIS OF CUSTOMER-HoUR INTERRUPTIONS 


Primary circuit and individual transformer inter- 
ruptions exceeding five minutes, throughout Philadel- 
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Due to primary distribution system interruptions Jan. 1 to Sept. 1, 1931 
Philadelphia and suburban divisions 


phia and Suburban Divisions in 1931 (to September 1), 
were analyzed to determine the relative magnitude of 
(a) those during lightning storms with those during 
other periods, and (b) those directly due to lightning 
disturbances with those due to other causes such as 
wind, trees, etc., during lightning storms. 

Although circuit interruptions of five minutes or less, 
many of which were only momentary, represented ap- 
proximately 80 per cent of the total, they were con- 
sidered to cause only minor inconvenience compared to 
those of longer duration. Consequently, the analysis 
was confined to those exceeding five minutes. 

As a measure of the inconvenience to the customer, all 
interruptions were expressed in customer-hours. The 
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duration of circuit interruptions was taken as the time 
during which the circuit was off at the substation. The 
duration of interruptions due to individual transformer 
trouble (not causing primary circuit interruptions) was 
the time between receipt of trouble report and time 
“reported cleared.’”’ Averages of transformers per cir- 
cuit, and customers per transformer based on kva. 
rating, were estimated for each division. The results 
classified according to the character of trouble are pre- 
sented in Fig. 7. 

This shows that 80 per cent of the total customer-hour 
interruptions occurred during lightning storms. Of this 
portion approximately 85 per cent were due to four 
major causes, as follows: 


Estimated customer-hour interrup- 


Trouble on tions during lightning storms 
i; Underground distribution): 2.22 2. oe... 252 47,900 
2. Aerial distribution equipment............... 48,500 
3. Aerial distribution=wires... sein - cinerea he 81,600 
4. Individual distr. transformers.............. 32,600 
210,600 


Nearly all of the above customer-hours attributed to 
2 and 4 and an estimate of 50 per cent of those attrib- 
uted to 1 are believed to have resulted directly from 
lightning disturbances. It may be determined from 
this that lightning is responsible for approximately 
half of all customer-hour interruptions experienced 
during lightning storms. It appears, therefore, that 
protection of distribution systems against lightning is 
of major importance in bettering service continuity. 

Aerial distribution wire trouble also contributes sub- 
stantially to interruptions during lightning storms. 
However, most of the wire troubles are believed due to 
causes other than lightning, such as falling trees. Tree 
conditions, while frequently difficult to overcome, ap- 
pear to require increased attention to minimize inter- 
ruptions. Tree troubles of an unknown nature are 
believed responsible for a large part of the conditions 
marked ‘‘Unknown” on Fig. 7. 


SUMMARY AND CONCLUSIONS 


From the foregoing experience, the following con- 
clusions are reached: 

1. Annually about 5 per cent of the 23,000 aerial 
distribution transformers experienced lightning trouble. 
The small transformers have been found more suscepti- 
ble than large ones. As far as practicable, the larger 
transformers should be used, or the older units replaced 
with more recent ones of the same size. 

2. Difference in susceptibility between transformers 
of different sizes must be recognized when analyzing 
arrester performance. 

Observations over five years show little benefit from 
arresters when considering transformers of all sizes 
collectively. However, taking size into account, these 


March 1932 


same data indicate arresters afforded little benefit to 
those of 15 kva. and less, and substantial benefit to the 
larger sizes. 

3. Many factors influence lightning trouble on dis- 
tribution systems. It is important to consider all of the 
major ones if reasonable conclusions are to be obtained. 

Also, to permit comparisons with other studies, it is 
important to have data reduced to a common basis. 
One method is to compare performance per 100 trans- 
formers. 

4. Because of the many factors involved, it has not 
been possible thus far to determine whether there is 
material difference in susceptibility to lightning trouble 
on grounded and ungrounded systems. 


5. Low ground resistance, which. theoretical and field 
studies show to be essential to effective arrester per- 
formance, may be obtained at low cost by connecting 
the arrester ground wire to the secondary circuit 
grounded neutral where a well grounded secondary neu- 
tral grid exists. 


Limited field experience shows this method to furnish 
satisfactory protection against transformer failure with- 
out introducing additional troubles on the secondary 
system. 


6. Customer interruptions from trouble on the pri- 
mary system far exceed those from trouble on the 
secondary system. Therefore, major improvement in 
service continuity can best be accomplished by attack- 
ing the primary situation. However, service reliability 
as measured by the customer is independent of the 
source of trouble, and consequently improvements on 
the secondary system cannot be neglected. 


7. The number of customer interruptions of less than 
five minutes greatly exceeds those of more than five 
minutes. However, when these are expressed as 
customer-hour interruptions, the latter greatly exceeds 
the former. 


8. The major number of customer-hour interrup- 
tions due to all causes occur during electrical storms. 
Of these, it is estimated that one-half are directly 
attributable to lightning disturbances. 


9. In the interest of improving service continuity, 
lightning protection of distribution systems has been 
found to be of major importance. Also, it is significant 
that it can be justified economically only from. this 
point of view. The important factor is the inconve- 
nience to customers which may thus be minimized. 
Although intangible, this factor is nevertheless very real 
and should be carefully considered. in establishing 
policies and practises in meeting the problem. 

The authors wish to express their appreciation of the 
assistance of the Operating Department, especially 
Messrs. W. Foster, G. S. Van Antwerp and their 
associates, in accumulating the data obtained in these 
studies; also, to Mr. V. T. Roth, and associates in the 
Engineering Department for their untiring efforts in 
collecting and correlating the information. 
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Discussion 
INTERCONNECTION OF PRIMARY LIGHTNING 
ARRESTER GROUND 
(HARDING AND SPRAGUE) 


LIGHTNING PROTECTION FOR DISTRIBUTION 
TRANSFORMERS 
(McEAcHRON AND Saxon) 


LIGHTNING PROTECTION FOR DISTRIBUTION 
TRANSFORMERS 
(OpsaHL, BROOKES AND SOUTHGATE) 


STUDIES IN LIGHTNING PROTECTION ON 4,000-VOLT 
CIRCUITS— III 
(Roper) 


LIGHTNING PROTECTION FOR DISTRIBUTION 
TRANSFORMERS 
(HAINES AND CoRNEY) 


DISTRIBUTION SYSTEM LIGHTNING STUDIES 
(DamBiy, ExKvAaLL AND PHELPS) 


Harold C. Dean: While the authors of the several papers 
generally agree that interconnection of the lightning arrester 
ground with the grounded secondary neutral represents an im- 
portant improvement in distribution system practise, they rather 
carefully refrain from showing that it would also be desirable to 
connect the transformer case to the secondary neutral. Ap- 
parently this is due to the prevailing misapprehension that 
grounded transformer cases would be hazardous to the linemen. 
Indeed Messrs. Opsahl, Brookes and Southgate dismiss the idea 
with the statement ‘‘The case of low-voltage class distribution 
transformers is left free, for the safety of the workmen who may 
touch it while working on the live transformer conductors’’ while 
Messrs. McEachron and Saxon conclude “‘nothing is to be gained 
with the interconnection by connecting the transformer tank to 
the secondary neutral, since with the tank floating, the potentials 
developed to tank are much less than the strength of insulation 
involved and the hazard to linemen is decreased.” 

In the New York Edison System we have found that a known 
hazard is to be preferred to an unknown hazard and we have 
adopted as a standard the grounding of all transformer cases. 
Where mounted on poles the transformers are located on a level 
with the secondary wires and five feet below the primary wires, 
and we require our linemen to cover up all grounded parts as well 
as low-voltage and high-voltage wires before doing any work on 
poles. 

In support of our contention that it is bad practise not to 
ground transformer cases, I would point to the evidence pre- 
sented in the papers that a large number of the transformer 
failures do not result in destruction of the windings, but merely 
result in the ground of a primary lead to the case. Due to the 
insulation afforded by the poles, these failures between primary 
leads and cases may not be detected and such eases will of course 
present very real hazards to linemen who get used to assuming 
that transformer cases are dead. 

Several years ago one of our companies lost a lineman who 
inadvertently came in contact with a transformer case while 
working on a secondary wire. As a result of this, the company 
made a survey of all pole type transformers and found seven cases 
with full primary potential. Thereafter, pole type transformers 
were surveyed annually (at some considerable expense) and each 
year one or two additional installations would be found in which 
the transformer cases were ‘‘hot.”’ 

In 1930 The New York Edison System undertook a study look- 
ing toward the standardization of transformer installations on 
poles. Only four of the system companies had overhead lines and 
four different practises were found. With respect to grounding, 
we found the following practises: 

1. One company connected the lightning arrester ground leads 
to the secondary neutral, but did not ground the transformer 
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cases nor install driven grounds at the transformer poles. (This 
had been the practise for twenty years. ) 

2. One company connected the lightning arrester ground leads 
to the secondary neutral and also to driven grounds, but did not 
ground the transformer cases. 

3. One company connected the lightning arrester ground leads 
to driven grounds only and did not ground the transformer cases. 

4, One company connected lightning arrester ground leads to 
driven grounds only and connected transformer cases to the 
secondary neutral only. (This had been the practise for sixteen 
years. ) 

While the basis for keeping statistical records of transformer 
failures had not been uniform for all the companies, and while the 
physical conditions such as exposure to lightning, average size of 
transformer and transformer fuse, system of primary distribu- 
tion, ete., were not uniform, nevertheless, all available records of 
failures due to or suspected of being due to lightning were ana- 
lyzed and showed the following averages for the years 1928, 1929 
and 1930: 


AVERAGE RATE PER 100 TRANSFORMERS, 1928 TO 1930 


INCLUSIVE 
Transformer Blown 
failures fuses Total 
Company with lightning arrester ground 
leads connected to secondary neutral 
only. Cases not groundedii...3 Js520a sees O. 045% ius 1,03 J. LOTS 
Company with lightning arrester ground 
leads connected to driven grounds only. 
@ases‘not grounded hew.wa fo Pe ee eee OF830 245. OL7 fen keGo 
Company with lightning arrester ground 
leads connected to driven grounds only. 
Cases grounded to secondary neutral........ ORT Zavsptiass ADOSER OOO 


It is significant that the company which connected its hghtning 
arrester ground leads to the secondary neutral experienced about 
1/20th the transformer failure rate of the two companies which 
depended upon driven grounds. It is also to be noted that the 
company which grounded its transformer cases to the secondary 
neutral, but failed to make a connection between the lightning 
arrester ground leads and the secondary neutral, blew about five 
times as many fuses as the companies which did not ground 
eases. As a result of this investigation it seemed obvious that 
no one company had done a complete job of grounding and that 
to obtain all the benefits of grounding, the following standards 
should be adopted for transformer installations on poles: 

1. Lightning arrester ground leads shall be connected to the 
secondary neutral. 

2. Lightning arrester ground leads shall be connected to driven 
grounds at the poles if there are less than two water pipe service 
grounds connected to the secondary neutral on the pole or poles 
not more than one section away from the lightning arrester. 

3. Lightning arrester ground leads shall be connected to the 
primary neutral (if any exists). 

4. Transformer cases shall be connected to the secondary 
neutral. 

This standard has been in effect since July 15, 1931, and it is 
expected that all installations on the system will have been made 
to conform with this standard before the 1932 lightning season. 

A. H. Schirmer: When a transformer fails, particularly in 
areas where there are no water-pipe grounds, the voltage on the 
secondary circuit may closely approach the primary voltage. 
Such excessive potentials on the secondary, combined with 
lightning surges, frequently cause trouble to telephone plants. 
Any reduction in transformer failures, therefore, will be of con- 
siderable benefit to the telephone companies. 

The Bell System has been conducting lightning tests for a 
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number of years. While these tests were not made directly on 
power transfoimers, the results obtained indicate rather defi- 
nitely that in order to protect transformers against lightning 
surges, it is necessary to place the arrester between the primary 
and secondary circuit. In fact this method of protection has 
been used for years by the telephone company oti open-wire 
loading coils. 

The main questionis: ‘“‘Does sucha practise make the situation 
less safe on the premises of the consumer?” In our opinion, con- 
necting the arrester between the primary and secondary circuit 
actually makes for an increase in safety on the premises of the 
consumer, provided a suitable arrester is used. One of the power 
companies used to a limited extent an arrester consisting of a 
simple sphere gap connected between the primary and secondary 
windings. Such an arrester will, of course, protect the trans- 
former but every time it operates, the primary voltage is directly 
impressed on the secondary circuit. The use of such a sphere gap 
will also result in excessive fuse operation. Obviously such a 
practise is not sound. The maximum safety is reached when we 
use an arrester having a current limiting element so designed that 
the voltage across the transformer windings is held to a value 
slightly below the impulse strength of the transformer. With 
such an arrester the lightning voltage on the secondary from a 
surge on the primary would be held to the lowest practical value 
and no power voltages of considerable magnitude would appear 
between the secondary circuit and ground, after all it is the exces- 
sive power voltage rather than lightning surges which make for 
hazard on the premises of the consumer. Furthermore, the use of 
an arrester which limits the voltage just enough to prevent failure 
of the transformer will keep fuse operation to a minimum. 

In order to insure that no excessive potentials are imposed on 
the secondary ‘circuit due to lightning arrester failures, the ar- 
rester should be designed so that the leakage current from normal 
potential will not cause excessive heating in the current limiting 
element, or if this is not practical, it should be designed so that 
the arrester will blow up or in some way open the circuit before 
it can introduce excessive potentials on this secondary circuit. 

The use of such an arrester across the primary and secondary 
circuit will in our opinion be safe and in a large measure eliminate 
the failure of transformers. 

F. W. Peek, Jr.: There is one subject that is not specifically 
considered in any of the papers, but upon which the successful 
operation of the various protective schemes depends. The 
papers show that a strong transformer properly connected to a 
suitable lightning arrester is necessary. The most important 
factor is a well insulated transformer. The A.I.E.E. acceptance 
test should be a measure of the transformer insulation. 


At the present time the Institute does not provide for any 
insulation tests other than that made at or near 60 cycles. In 
view of the knowledge now available, I believe that the -‘Machin- 
ery Committee or other suitable technical committees of the 
Institute should review present methods of testing with the object 
of devising lightning tests if such tests seem desirable. These 
tests, if made, should supplement the present tests and not super- 
sede them. I make the suggestion for a consideration of lightning 
tests on transformers after years of experience with such tests made 
for the purpose of devising lightning proof transformers and also in 
making lightning tests on commercial transformers. The first com- 
mercial tests were, in fact, reported in the Electrical World in 
August 1930. I mention these facts to show that the tests are 
entirely practicable. 


If such tests seem advisable, I reeommend that rules be made 
by a technical committee of the Institute because of the highly 
technical problems involved, not only in methods of testing, but 
also in methods of detecting possible damage or deterioration or 
incipient failures during the test. This follows because it is 
important that there is assurance that the transformer is as good 
after the test as it was before the test was made. I hope the 
Institute can give early consideration to this matter. 


a? a 
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A. E. Silver: The paper by Messrs. Dambly, Ekvall and 
Phelps gives an excellent summary and a measure of the relative 
importance of types of troubles experienced on an extensive and 
varied distribution system. It is to be hoped that these investi- 
gations will serve as a guide for the further extension of their 
studies, to ineluding especially the field of the higher distribution 
voltages. 


In this analysis of lightning effects on the Philadelphia Electric 
system, the authors are to be commended for moving the main 
objective of their studies from the distribution transformer to the 
effects on service. The rapid increase of tangible results from 
these investigations successively for the past two years is signifi- 
cant. This is one of several indications that, I believe, point to a 
movement into a new order of distribution practises as concerns 
the minimizing of interruptions. 


The Philadelphia Electric investigators found that at least 
80 per cent of their troubles, for a given period, came from quickly 
disappearing causes. I would venture the guess that a large 
majority of the remaining 20 per cent were from causes that can 
be made quickly to disappear. Of course, with open-wire lines 
there will always be some causes that cannot be quickly removed, 
such as lines put out of service by falling trees and limbs, but I 
believe these can be made a very small percentage of the total in 
our eastern areas where lightning is prevalent. While it is not 
assured that this figure of 80 per cent plus is generally representa- 
tive, I am going to use it as illustrative of the point I wish to 
bring out. Most of these interruptions from quickly disappearing 
causes, by diligent engineering attention, I believe, are capable 
of being so restricted as either greatly to minimize effect on 
service or to avoid interruption altogether. 


Again, I believe the Philadelphia Electric authors are moving 
in a constructive direction when they attempt to evaluate causes 
and effects in terms of customer hour-interruptions or, in other 
words, to measure with the yardstick of overall economy. In 
these days of rigid economies, it is encouraging that most of the 
opportunities that offer a means of cutting down service inter- 
ruptions do not entail any eventual net increase and, perhaps, a 
reduction of capital costs, quite aside from the reduction of 
revenue losses from non-delivery and the decrease of operating 
and maintenance costs. The directions from which I look for 
progress in distribution practise include: : 

1. Improved relaying to realize quick and dependable dis- 
connecting of the circuit in trouble. One of the simpler ways for 
accomplishing this would be by utilizing residual current which 

would favor the grounded neutral system. 

2. Perfecting and applying the reclosing circuit breaker to 
general use by bringing the time for the complete switching cycle 
(including relay action) down to something under 30 cycles. This 
rapid restoration of service should render the effect of most inter- 
ruptions essentially negligible except for synchronous load. With 
more radical developments, it does not seem beyond reason that 
the switching eycle and equipment may be made such as to pro- 
teet even synchronous load against falling out of step. Good 
design and sufficiently quick disconnection should essentially 
eliminate burn-offs, porcelain breakage and all such damage from 
fault current that tends to a prolonged interruption. 

3. The prevention or quenching of the dynamic fault are by 
local means before the circuit has been disconnected or service 
has been interfered with. This means very rapid deionizing of 
the are path,—one possible method being the perfecting of some 
simple are interrupting device. 

4. Adaptation of the automatic features of secondary a-c. net- 
works, now extensively used in high load density districts, to 
areas of lighter load density, including some districts served by 
overhead systems. 

5. Self-protecting distribution transformers. This may take 
the form of suitably related insulation or the simplification of 
lightning arresters or other protective devices as an integral part 
of the transformer itself. Efficient grounding and connecting of 
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the protective device to the secondary neutral will play a large 
part. Messrs. Harding and Sprague’s paper and others in this 
symposium are constructive contributions in this direction. 


6. Gradual system simplification through elimination of inter- 
mediate voltage transformations and circuits, in service but no 
longer needed, as a means of reducing the opportunities for inter- 
ruptions to originate. 


7. The economizing in line insulation by setting the levels to 
meet the duties of surges originating at intervals, dirty surface 
conditions, ete., but omitting any further increments against 
lightning spillover. In addition, the intelligent coordination of 
line, station and equipment insulation. 


Even a part of the progress that is promised by these develop- 
ments will accomplish another substantial economy because of 
greatly reduced demands for reserve facilities for duplicate 
service. 

C. L. Fortescue: The opinions expressed seem to be unani- 
mously in favor of the by-pass arrangement of lightning arresters 
and I think the conclusions are correct. 

In the old method of protecting transformers the arresters were 
connected between the high-voltage lines to a ground which was 
assumed to be of low enough value to reduce the surge to a safe 
value for the transformer windings but no thought was taken of 
the effect of the grounding lead which, on account of high surge 
impedance, would with steep wave fronts produce a high poten- 
tial between true ground and the line, no matter how effective 
the arresters might be, nor was any consideration given to the 
difficulty of getting very low grounds in some territories. Under 
the conditions imposed by the old rule the transformer case 
would take up an intermediate potential between that of the 
high-voltage winding and the low-voltage winding. The low- 
voltage winding, on account of the fact that the neutral wire was 
solidly grounded and the secondary line wires had pretty low 
surge impedance, would remain practically at ground potential. 
There is a possibility that the difference of potential between the 
case and the low-voltage windings may be sufficient to cause 
failure of the low-voltage insulation but usually the failure takes 
place due to flashover of the high-tension bushing which results 
in the case being brought up to the potential of the high-tension 
winding and this in turn causes failure of the low-tension bushing 
so that the remaining portion of the surge is passed on to the low- 
tension winding. It was not always the practise to use arresters 
for the reason that frequently they were rendered ineffective on 
account of the difficulty of obtaining good grounds. According 
to my understanding the Safety Code does not make the use of 
lightning arresters mandatory for the protection of distribution 
transformers. 

In the proposed by-pass connection the surge does not enter 
the transformer windings but is by-passed through the arrester 
to the neutral wire of the low-tension winding which is well 
grounded and where it can do no harm either outside or at the 
customer’s premises because at the customer’s premises it has a 
good ground which is obtained without difficulty. The whole 
transformer, including the ease, is raised momentarily to the surge 
potential during the passage of the surge but the value of this 
potential is limited by the ground on the neutral wire at the 
eustomer’s premises. The action of the arrester absolutely pre- 
vents any danger of the high-tension current being carried into 
the customer’s wiring circuit which is not true in the old connec- 
tion or when no arresters are used and flashover takes place over 
low-tension bushings which is the most frequent type of failure. 

It is necessary to give some consideration to the possible value 
of the surge that may pass into the customer’s wiring circuits. 
This surge will be limited to a comparatively low value by the 
customer’s ground but consideration must be given to the length 
of lead between the secondary of the transformer and the custom- 
er’s circuit because whatever potential appears at the trans- 
former secondary terminals will appear in the customer’s circuits 
and in some eases where these leads are long it may be advisable 
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to use some kind of arrester between lead and neutral at the 
premises. I believe that in general, in the average case, this will 
not be necessary but nevertheless it is something that ought to 
be kept in mind. Where there are a multiplicity of. circuits lead- 
ing to residences the surge impedance of these combined circuits 
is very low and the multiplicity of grounds also improves con- 
ditions and in such eases the arrester at the customer’s premises 
ean be dispensed with. 


While customers’ grounds probably have very low surge im- 
pedance, this should not be taken for granted and an investiga- 
tion should be made of the surge impedance of various types, of 
residence grounds so as to make sure that the grounding arrange- 
ments are satisfactory. I think that the surge impedance of a 
residence ground should be kept as low as possible. I think a 
reasonable value should be below two ohms. In the case of 
isolated residences, such as farms and so forth, ready-made 
grounds may not be available. Driven-grounds should then be 
used and since the length of line between transformer and custom- 
er’s circuits is usually longer in such a ease I think it advisable 
to use arresters at the customer’s inlet. To sum up, the proposed 
connection assures very much better protection to the trans- 
former than the old connection and there is no increase in hazard 
to the customer. As compared with transformers that have no 
protection it gives very much better protection to the customer 
because it prevents high voltage from entering into the customer’s 
circuits and the hazard from fire or personal injury is very much 
greater due to the high-voltage power current than to any surge 
that is likely to pass through into the customer’s circuits. 


A. S. Brookes: In reference to the paper by Messrs. Harding 
and Sprague, I should like to ask what type lightning arresters 
they used in their tests, what voltages they measured across the 
arresters and the value of the arrester current. 

Their method of testing requires considerable analysis to 
determine whether and if it simulates the condition of direct 
strokes. It seems to be the reverse of the induced surge which, 
according to the accepted theory, is drawn up on the conductors 
slowly and then released by the discharge of the cloud. I feel 
that some actual oscillograms would assist greatly in showing 
just how their method duplicates actual conditions. 

In one of their conelusions, they state that a well grounded, 
secondary neutral wire acts to reduce induced potentials on ad- 
jacent wires. A time element enters in here and it should be 
noticed that this protection is only fully effective when the 
ground connection is very near the point under consideration. 
When the ground is an appreciable distance away and the light- 
ning surge has a steep front, flashover of the transformer bushing 
may occur before a charge can be drawn up on the secondary 
neutral. In other words, secondary neutral grounds are most 
effective in protecting the secondary windings from induced 
surges when placed on the pole adjacent to the transformer pole. 

The paper states that high voltages appeared across the secon- 
dary windings of the transformer. While we did not measure 
this potential directly, we did find very little difference was 
caused in service voltages by removing the low-voltage arresters 
which were across the secondary of the transformer. 

The statement about a non-inductive load in the consumer’s 
premises reducing the service potentials might be amplified. 
The magnitude of this effect can be computed if the resistance 
of the load and surge impedance of the service wires are known. 
I should like to ask the authors if they ealeulated any checks on 
the measured values. Actually, it would seem that the branch- 
ing of the house wiring at the meter board would reduce the 
voltage at that point very considerably, and particularly so if 
the wiring was enclosed in BX. This is more dependable pro- 
tection than turning on the lamps during a thunderstorm and 
considerably safer. The possibility of a surge entering at the 
same time a consumer turns on a lamp is small but it does exist, 
and the practise is not to be reeommended. : 

When using the interconnection, a surge on the primary 
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causes almost equal current to flow in each of the three secondary 
wires. Hence, the voltage difference between the wires is small. 
The potential difference appears at points where the current in 
the secondary neutral is drained off by a ground connection. 
This voltage appears on the consumers’ premises with the present 
construction in the ease of a lightning outage and causes no 
trouble. This voltage can be partially drained off by low-voltage 
arresters connecting the secondary phase wires to the neutral 
ground at some pole other than the one the transformer is on. 
However, the gain probably does not warrant the expense. The 
interconnection produces essentially the same voltages at the 
service entrance as are experienced at present with a flashover, 
and higher potentials than at present with surges which cause 
arrester breakdown but no flashover. 


In the conclusions, the authors give figures on the reduction 
of voltages at the transformer by the use of the interconnection 
with various ground resistances. While they do not give directly 
the effect of the interconnection on the voltages in which we are 
interested, those across the transformer bushings, we would 
expect a reduction here irrespective of the primary arrester and 
secondary neutral ground resistances. This is true because the 
secondary neutral will drain off part of the current, raising the 
secondary potential but decreasing the voltage difference across 
the transformer bushings. In other words, the interconnection 
will improve voltage conditions at the transformer, whether or 
not they are so bad that flashovers are anticipated. 


The analysis could have been made considerably more valu- 
able by a more detailed consideration of the circuit distances 
involved, and if more data on the surge current and the circuit 
details were given. I feel that the interconnection of the primary 
arrester ground and the secondary neutral has more merits than 
the results given in this paper indicate. 

J. K. Hodnette: The primary requirements for the protec 
tion of distribution systems against lightning are: 

1. The protection of the connected apparatus against damage 
from excessive voltage stress. 

2. The prevention of circuit outages or interruptions. 

3. The protection of secondary service circuits against voltages 
which might be hazardous to life or secondary apparatus. 

The papers of this symposium on distribution cireuit protection 
indicate that the protection to distribution transformers afforded 
by lightning arresters connected in the usual manner may be 
inadequate, although arresters at the present time are developed 
to a high state of perfection. This is due to conditions over which 
no direct control is possible, such as ground resistance, length of 
lightning arrester ground connection, ete. Effective protection 
requires the elimination of these factors, and the authors propose 
as a solution the interconnection of primary arrester ground and 
secondary neutral. That this connection produces no additional 
hazard in the secondary service lines over what exists under the 
present conditions is confirmed by both experience and labora- 
tory tests. 

These facts are of great interest from the standpoint of the 
design of distribution transformers. The establishment of a 
definite value for the surge stress permits a more accurate design 
of the transformer insulation, and suggests the possibility of a 
self-contained self-protecting transformer. The Westinghouse 
Company has already developed a distribution transformer 
which successfully fulfills all of the requirements for a surge- 
proof transformer. It is self-protecting against surge voltages 
and requires no external protective apparatus of any kind. It is 
outage-proof from lightning disturbances. The secondary is 
fully as safe against abnormal voltages as existing transformers. 
This transformer is a unit apparatus within which means are pro- 
vided for protecting it against surge voltages. Surge discharge 
devices are placed inside the transformer tank and connected 
between each winding and the tank and core in such a way that 
the voltage stress that can exist between the high-voltage and 
low-voltage windings and between these windings and the core 
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and case, is definitely limited in magnitude. In this manner a 
voltage stress higher than a predetermined safe value cannot 
exist upon any part of the transformer insulation, and therefore 
complete and positive protection of the transformer is assured. 

The devices used for obtaining these results are deion surge 
protective gaps. These devices operate on the well-known deion 
principle. That is, after a surge is discharged, the are path is 
deionized and normal voltage restored. 

In operation, when a surge potential exists on the primary ter- 
minal of sufficient magnitude to cause any damage to the insula- 
tion, the device connected to the high-voltage lead limits the 
stress that can exist upon the high-voltage insulation by flashing 
overtothe tank. Likewise the device connected to the low-voltage 
winding flashes over and discharges the surge to ground through 
the secondary neutral. If the neutral is not grounded, a similar 
low-voltage device conducts the surge from the case directly to 
ground. By incorporating in the protective gaps a small series 
resistor, the dynamic voltage is restored without causing the 
primary fuse to blow or a relay operation to take place with its 
consequent interruption of the feeder circuit. 

Many laboratory tests have been made to prove the value of 
this surge-proof construction. Conditions as nearly representing 
service conditions as possible were employed, and surges of 
various magnitudes up to 1,500,000 volts have been repeatedly 
impressed upon the excited supply lines. In every case the 
transformer was protected and normal voltage restored without 
so much as causing a flicker in secondary lamp leads. 

The interconnection of the primary lightning arrester ground 
and the secondary neutral as recommended by this symposium 
as the means for securing adequate protection for distribution 
transformers possibly constitutes an infringement of the National 
Electrical Code. By providing a circuit for the surge current 
directly from the case to earth, the surge-proof transformer is 
self-protecting from surges entering both primary and secondary 
circuits and does not violate the letter or spirit of the Code. 

H. V. Putman: Mr. Roper brought out a point of significance 
in the fact that the great majority of transformer troubles from 
lightning occur in the smaller sized transformers where small 
bushings and close clearances are used. His company has dis- 
continued the use of the smaller sizes on this account, but he 
strongly recommended larger bushings and more generous clear- 
ances. Manufacturers would do well to heed Mr. Roper’s eriti- 
cism, which is well founded on actual operating experience. 

Another important point relating to the grounding of distribu- 
tion tanks was brought out by Mr. Dean. The entire industry 
will do well to ponder carefully this whole subject of grounding 
tanks. ' 


With the question of grounding tanks in the picture, the inter- 
connection appears to lose one of its important advantages. The 
several authors generally agreed that connecting the lightning 
arrester ground connection to the low-voltage neutral would re- 
sult in greatly improved protection to transformers. This has 
been demonstrated in certain particular applications, having iso- 
lated tanks and low resistance customer’s grounds. While this 
connection discharges all surges to ground through the customer’s 
ground connection, it was generally agreed that this could be 
done safely so long as the customer’s ground was a water pipe 
connection of low resistance. It appeared to be the general 
opinion that if a modification of the National Electrical Code is 
necessary to permit the use of this interconnection, it should be 
made. 


In considering this matter, the straight interconnection appears 
to have certain limitations which ought to be given careful con- 
sideration. With an isolated tank, the interconnection does give 
protection entirely independent of the ground resistance, but 
when the tank is grounded, the protection which the intercon- 
nection gives the transformer depends on the customer’s ground 
resistance and the length of the service line or ground connection 
relative to the steepness of the front of the surge. This has been 
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the authors of these ‘papers. 


on 


the source of difficulty with the conventional lightning. arrester 
protection. The same difficulty is present with the interconnec- 
tion whené grounded tank is used. 

If there is no ground on the secondary service, as is usually the 
case in star delta connected transformers, for supplying three- 
phase power, then the use of the interconnection is undesirable 
for two reasons: First, it would pass on to the customer’s appara- 
tus the surges coming in over the high-voltage lines; and second, 
the grounding of tanks under these conditions would destroy the 
protection afforded by the interconnection completely. ©The 
reason for this is easy to understand. Suppose a surge of 100 kv. 
enters the transformer. The high-voltage winding is raised to 
this potential. If the lightning arrester discharge voltage is 15 
kyv., the low-voltage winding will reach a potential of \85.ky., 
since the surge impedance of the low-voltage service lines and the 
three-phase connected apparatus is likely to be very high.. The 
potential of the tank and core may. start. to rise, but will be re- 
stored to ground quickly within a fraction of a microsecond, ‘so 
that a difference of potential of 85°kv. would exist across the 
insulation between the low-voltage winding and ground, ang this 
would be of sufficient magnitude to cause failure. 

It appears, therefore, that the straight interconnection‘is not 
well adapted to installations having a low-voltage neutral ground 
connection of high resistance, nor to installations having: no 
ground connection on the service lines, nor to installations having 
grounded tanks, nor to three-phase installations. t 

There seems to be an impression in some quarters that: only 
by the use of the interconnection can effective transformer pro- 
tection be secured. But this is not the case. The use of a 
grounded tank with lightning arresters connected between the 
tank and the high-voltage lines, and a coordinating gap to pro- 
teet the low-voltage winding against ‘surges entering on the ser- 
vice lines, affords a method of protection which is-effective under 
all conditions, which is universal in its application, which con- 
ducts surges directly to ground instead of into the ecustomer’s 
neutral, which appears to be safer to the lineman and the publie 
than the present equipment, with conventional lightning ar- 
rester protection, and which raises no question of a possible Code 
violation. 

M. G. Lloyd: In drawing conclusions from these’ papers, it is 
necessary to exercise considerable caution. In. some particulars 
these papers present contradictory results, and-in one or two 
cases the conclusions of the authors do not appear to be justiied 
by their observations. 

The subject is of particular interest because of the prevalence 
of transformer failures. Conditions in this respect appear to be 
improving with better transformer construction and better per- 
formance of lightning arresters. It is clearly shown, however, 
that lightning arresters give very uncertain protection when the 
impedance to ground is high. Thus, better protection can ‘be 
secured in a district such as Chicago, where resistances to ground 
are comparatively low as contrasted with Boston, where re- 
sistances to ground are typically high. In the Philadelphia dis- 
trict, good results have been obtained by efforts to keep the 
ground resistance low. 

A proposal to connect the ground lead of a primary lightning 
arrester to the secondary neutral has had attention from most of 
This practise appears unobjection- 
able if it does not increase the potential to ground of the secondary 
conductors. This is a point that requires careful analysis. 

Harding and Sprague conclude that no extra hazard is intro- 
duced. McEachron and Saxon found that the voltage surge on 
the secondary was limited to 400 volts when the primary arrester 
had a resistance to ground of 10 ohms. With interconnection be- 
tween the primary arrester and the secondary neutral, however, 
it was found that the secondary arced over (3,900 volts). 

Opsahl, Brookes and Southgate found that interconnection pro- 
duces no higher voltages on the secondary than are obtained 
without such interconnection if the flashover occurs on the pri- 
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mary. The surge value, however, was definitely affected by the 
resistance to ground and the secondary voltage was doubled if 
the ground on the primary arrester was altogether removed. 

The Philadelphia Electric Company found no bad effects from 
the interconnection, but it should be noted that interconnection 
in that case was definitely limited to locations where there was a 
low secondary resistance to ground and with connections to 
ground on the premises of not less than ten customers. 

Good results are generally reported to result from the inter- 
connection between the primary arrester and the secondary 
grounded neutral, and it is to be expected on theoretical grounds 
that such a connection would limit the voltage difference between 
the primary and secondary coils of the transformer and thus be 
effective in preventing flashovers and breakdowns of insulation. 
It is necessary to examine rather carefully, however, whether the 
good results reported from the field are due solely to such inter- 
connection. The reports here seem to be somewhat conflicting. 

Harding and Sprague found that the potential differences 
measured at the transformer depended very decidedly upon resis- 
tance to ground. When this resistance was low for both the 
primary arrester and the secondary neutral, interconnection had 
no effect upon the measured potential. Similarly, when both 
resistances were high there was no measured effect. When the 
resistance of the secondary neutral ground was high and the re- 
sistance of the ground of the primary arrester was low, intercon- 
nection produced an increase in the measured potential. The 
only case for which they found a reduction in the effeet was when 
the secondary neutral ground had a low resistance and the pri- 
mary arrester ground a high resistance. 

Dambly, Ekvall and Phelps found that interconnection had no 
effeet upon the trouble experienced in the field. 

MeEachron and Saxon found that the interconnection pro- 
tected the transformer in all cases, whereas without the inter- 
connection a high resistance of the primary arrester ground may 
prevent the protection of the transformer. Fig. 4 in their paper 
shows that the secondary potential was definitely raised by the 
interconnection when the resistance to ground was 60 ohms. It 
is regrettable that no similar results are given for a resistance of 
10 ohms, which would correspond to the conditions in Fig. 2. 
The primary potential in both Figs. 3 and 4 was raised by the 
higher resistance. Similar curves would be of great interest to 
show what takes place when different values of resistance are 
interposed in the interconnection. 

“Interconnection appears to be practically equivalent to a very 
good connection to ground, on both the secondary neutral and 
the primary arrester. If the good results can be obtained by such 
separate grounds, it would seem to have advantages over a direct 
interconnection. The real problem appears to lie with situations 
where good grounds are not easily obtained. The authors of 
three of these papers advocate interconnection when the secon- 
daries are well grounded. The converse proposition would seem 
to be that interconnection is not desirable where only driven 
grounds of high resistance are available. Mr. Roper states that 
the cost necessary to bring resistance to ground below 50 ohms is 
not warranted by the results obtained. 


In studying this problem, it would seem necessary to separate 
the rural problem from the city problem. In cities, water-pipe 
grounds are usually available for the secondary circuits entering 
customers’ premises, and the best grounds for the primary 
arresters can probably be obtained by an interconnection with 
the secondary neutral. For this practise to be safe, it should be 
carried out only when there is a multiplicity of grounds on the 
secondary neutral. Mr. Roper points out the value of intercon- 
necting the secondary neutrals on different transformers even 
where a secondary network system is not used. 

The real problem arises in rural communities where water-pipe 
grounds are not available and effective grounding is a difficult 
condition to obtain. Even McEKachron and Saxon admit that 
interconnection under these conditions increases the hazard. 
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The Committee on Protection Against Lightning of the Na- 


tional Fire Protection Association has had under consideration 
for some time the advisability of using lightning arresters on 
overhead secondary circuits where they enter buildings. The 
fire hazard arising from lightning surges coming in to buildings 
over such wires is well recognized, and fires have often occurred 
in this way. Messrs. Opsahl, Brookes and Southgate, in their 
paper, and Dr. Fortescue, in his discussion, have indicated that 
such a practise may be desirable. It would seem to be necessary 
only in rural districts and only where the wires enter the building 
as separate open wires. Where they are run in conduit the latter 
would be grounded and would automatically act as a lightning 
arrester since a surge would probably jump from the conductor 
to the conduit. For open wires an arrester would seem necessary, 
but one of cheap construction would suffice for the purpose, since 
it would be necessary to interrupt follow current at only 120 volts. 
Experiments with the type of arrester used on radio antennas 
indicate that a slight modification would make such arresters 
effective for this purpose. 


Edward Beck: The papers indicate rather definitely that in 
the present state of the art, the principal factors that enter 
into the protection of a distribution transformer are, outside of 
the construction of the transformer itself, the primary arrester 
ground lead and ground resistance. Interconnection of the pri- 
mary lightning arrester ground terminal with the secondary 
neutral wire eliminates these variables because it limits the po- 
tential differences around the transformer itself to the lightning 
arrester voltage. Because of the favorable protective results 
which this interconnection promises, it becomes important to 
secure some idea of what will occur in the secondary circuits if 
the interconnection is used, thereby directing surges which may 
oceur on the primary into the secondary neutral. 


In order to investigate this, a circuit was.set up in the labora- 
tory to simulate an energized 2,300-volt circuit feeding a 110/220- 
volt house circuit. The house circuit was connected to various 
common appliances by which the transformer could be loaded to 
its capacity. 

Surges were impressed on the primary from a surge generator, 
of magnitudes sufficient to discharge 800, 1,600, 3,000 amperes 
through the primary arresters. The primary arresters were 
3,000-volt autovalve arresters of the latest type. Various values 
of house ground resistances were used, varying from zero to 57 
ohms. Tests were made with one side of the primary grounded 
and ungrounded. Cathode ray oscillograms were made of the 
voltages occurring between each secondary wire and true ground. 
Measurements were also made of the potential differences occur- 
ring between the secondary phase wires and neutral. 

One of the chief things of interest, is the voltages which may 
occur between the secondary phase wires and neutral, as these 
may produce flashovers in sockets or appliances. It was found by 
cathode ray oscillograph measurements that the voltages to 
ground of the phase wires and the neutral wire are very nearly 
alike except at the first instant. This potential difference may be 
due to induction through the transformer before the arrester dis- 
charges or it may be due to the release of a steep wave by the 
arrester discharge. The break down of the arrester releases a 
very steep surge into the secondary circuit which by reflection 
produces momentary high differences of potential between the 
secondary phase and neutral wires. In this test set-up crest 
voltages of 8 to 10 ky. were measured by means of a sphere gap. 
No appreciable variation occurred in this voltage between phase 
and neutral with ‘‘house” ground resistances varying from 0—57 
ohms. These voltages can be reduced to negligible values by the 
use of 110-volt lightning arresters or small capacitors between 
phase wire and neutral at the house entrance. Their use is not 
considered essential, in the usual house circuit where the neutral 
is grounded and attachment plugs, ete., provide discharge paths 
between phase and neutral. Where the secondary circuits are 
ungrounded or highly insulated throughout, such as may be the 
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ease in electric range circuits, protective devices at the house 
entrance may be of considerable benefit, for instance, in the pre- 
vention of damage to ranges. It is to be noted that this is no 
worse a condition than will exist with the present usual methods 
of protection when the transformer flashes over. Tests were 
made with various loads on the secondary circuit varying from 
zero to full load, that is, 5kva. The load consisted of the various 
appliances and lamps mentioned in the figure. It was found that 
flashovers would occur in lamp sockets and attachment plugs to a 
considerable degree. These flashovers were rarely followed by a 
power are. Consequently few outages resulted. Tests were 
made with the appliances on the circuit and the radio set in 
operation and it was found that operation went on normally 
when the primary was surged although flashovers occurred in the 
secondary circuit. There was one exception which was a rather 
old socket which fiashed over several times and finally produced 
a short circuit blowing a low-voltage fuse. A few flashovers 
occurred on the terminal board of the watthour meter, but the 
watthour meter was not damaged in any of the tests made. 

During the tests well over 1,000 surges were impressed on the 
same distribution transformer protected by the same lightning 
arrester feeding the same house circuit. In a particular group of 
tests, there were three interruptions to the customer’s service in 
about 1,000 operations. These interruptions consisting of blown 
fuses, one of these three cases necessitated replacement of a lamp 
socket. 

Later, a failure of a toaster occurred. It had been hot for 
sometime, and had been subjected to over 1,000 surges. The 
frame of the toaster happened to be grounded to true ground. 
Several flashovers took place in the attachment plug which was 
already hot from the heat of the toaster. It developed a short 
circuit. 

The voltages which may exist from all of the secondary wires 
to.the earth will be the 7R drop across the house ground resis- 
tance. It was found that these can be reduced by use of an 
auxiliary protective gap between the secondary neutral wire and 
ground at or near the transformer. Tests were made with such a 
gap in the circuit in series with a resistor to simulate the ground 
resistance of the driven ground at the transformer pole. This 
resistance was varied from zero to about 50 ohms and it was found 
that a considerable reduction in voltage between the house cir- 
cuits and true earth was secured when the house ground is of 
some resistance. 

During these tests, the lightning arrester was connected behind 
the primary fused cutouts. This is rather contrary to past prac- 
_ tise but presents several advantages. It was found that satis- 
factory operation was obtained with primary fuse links as small 
as 5 amperes, and that a 3-ampere fuse link would pass surge 
currents at intervals of about a minute without blowing, but 
would rupture on rapidly applied surges. 

These data are being presented as information. The improved 
protection given the transformer by the interconnection is prob- 
ably admitted by everyone. Regarding the disturbances in the 
secondary, it is undoubtedly true that the interconnection can 
make conditions no worse in the secondary than they already are, 
and apparently they are not bad. 

J. J. Torok: The majority of the lightning papers deal prin- 
cipally with the protection of the transformer. In reviewing the 
subject I was at first somewhat concerned by the hazards that 
the present systems might have to the consumer or customer. 
Statistics, some of which are being presented in these papers, 
show quite conclusively that the hazard to the customer under 
the present system is very small. A comparison of the two sys- 
tems shows that the proposed system is far less hazardous. I 
have arrived at this conclusion in the following manner. 

Let us assume that on a pole there is a step-down transformer, 
the primary of which is 2,200 volts or higher and the secondary is 
the common three-wire type, the central lead of which is always 
grounded on or near the customer’s property. We will consider 
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then that the consumer during a lightning storm may be in 
contact with some electrical device and an independent ground 
of his own. The household equipment usually is of fairly low 
insulation, consequently, any high voltage may easily flashover 
to the handle whieh is in the hands of the customer. With these 
connections we can now consider the different conditions with 
respect to the safety of the user. 

The small amount of research that has been conducted by the 
high-voltage laboratories shows quite definitely that impulse 
voltages are not very dangerous even for high voltages and large 
currents. Experiments made on rodents and an occasional acci- 
dental one on humans show that impulses of such magnitudes as 
200,000 volts and several hundred amperes are not as dangerous 
as 2,200 volts 60 cycles. This is obvious when we consider the 
time of application of the two voltages, the impulse lasts but a 
very short time, in fact 30 or 40 millionths of a second, whereas 
the 60 cycle can last as long as the circuit is complete. It also 
follows that the shorter the application of the 60 cycle the less 
dangerous it is. We all know how harmless static gathered from 
the carpet is, and this may be at potentials of the order of 10,000 
volts and that 2,200 volts 60 cycles is used on the electric chair. 

Impulse voltages which may appear at the terminals of a trans- 
former may vary in magnitude from a very low value to a very 
high value. The distribution of these voltage waves with respect 
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to magnitude is of the nature shown in Fig. 1. The shape of this 
curve for various insulations is very similar. The position with 
respect to voltage, however, is dependent chiefly upon the insula- 
tion of the line. Let us assume on this curve that magnitudes of 
voltages appearing at this point above the specified value FE, 
will cause flashover of the bushings of the transformer. Voltages 
above this value will flash over the bushings of the primary, raise 
the potential of the case to a high value, and thus cause flashover 
to the secondary leads. Since ares in open air are difficult to 
extinguish it is very likely that this flashover will establish a 60- 
cycle arc then power current will flow from the primary circuit 
into the secondary leads and from there to ground through the 
customer’s service. The potential to which the secondary lead 
will rise will depend upon two factors; (1) the short-circuit cur- 
rents in the primary circuit, and (2) the resistance of the secon- 
dary ground. Since the customer may be connected to an inde- 
pendent ground he will receive not only the voltage drop of the 
transformer but-also the voltage drop across the ground. From 
this standpoint one can see that it is possible to obtain 60-cycle 
potential from 110 volts to 2,200 (assuming of course that the 
primary circuit voltage is 2,200). This 60-cycle voltage will 
appear on the secondary circuit as long as the are is maintained 
across the transformer terminals, perhaps it may be limited by a 
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fuse or by a group of network switches. Generally this period of 
time may be anywhere from one-half cyele up to several seconds. 
Such is the present condition. 

If, however, we consider the system in which the protective 
devices are interconnected between the primary and the secon- 
dary neutral we will have an entirely different condition wherein 
these hazards do not appear. Going back to our distribution 
curve of impulse voltage we find that the action of the arresters 
comes in at a lower voltage than did the flashover of the bushings 
but this increase in number of surges that pass on to the secon- 
dary is very small. These, as has already been stated, are not 
very dangerous. On the other hand, due to the action of the 
arresters there is no 60-cycle power follow or at least if it does, 
only for a half-cycle, but no longer. The arrester will either cut 
off at a value above the 60-cycle voltage so that no 60 cycle 
follows, or at the end of the first half cycle. After that the pri- 
mary and secondary are again isolated. Under this condition 
the maximum period of time at which high voltage may appear 
upon the secondary circuit is one one-hundred-twentieth of a 
second. 

Comparing the two systems again we find that in the present 
system it is possible to have very high 60-cycle voltages on the 
customer’s leads for several seconds. In the proposed inter- 
connection the maximum period of time that is possible is one 
one-hundred-twentieth of a second, generally less. From these 
two conditions it is quite obvious that the second system is much 
safer than the first. 

K. B. McEachron: All of the papers mention the use of the 
interconnection of the primary arrester ground and the grounded 
secondary neutral. The papers dealing with the field investiga- 
tions all agree that better protection to the transformer will be 
had with the interconnection than now exists without it. 

Interconnection has been in practise in several locations for a 
period of years with most satisfactory results. In these eases 
the conventional lightning arrester has been used, the arrester 
ground being tied into the secondary neutral. However, test 
data are now available which indicate that where multiple low 
resistance grounds, as with water-pipe grounds, exist, the ground 
at the arrester can be eliminated if desired. As soon as this is 
done a material reduction in the cost of protection is realized, and 
it becomes possible to incorporate the arrester protection inside of 
the transformer tank so that it becomes a complete self-contained 
unit. i 

In considering how this might best be done, the only design 
of which I am aware, in which this idea of protection within the 
transformer, coupled with interconnection, was used, was given 
careful study. I refer to a scheme used in Boston several years 
ago which was patented in 1919* and with improvements in 
1923.+ This protection scheme which was developed in Pittsfield 
consisted of gaps in each primary bushing to the case with an 
additional gap between the case and the grounded secondary 
neutral. 

A considerable experience was built up with this arrangement 
in Boston, but it had certain disadvantages, some of which were 
of sufficient importance to result in its discontinuance. Those 
disadvantages were not dependent on the idea of interconnection, 
but were the result of the method of protection used and. its 
application. 

This early scheme of using gaps and making the beanatecniee 
ease a part of the circuit without permanently grounding the case 
gives rise to certain sources of trouble, as follows: 


1. The gaps were connected from primary to secondary neutral 
without a high resistance or its equivalent in the circuit to limit 
the flow of follow current. When the interconnection is made 
without the use of the usual form of lightning arrester which has 
the ability to limit the flow of follow current to small magnitude 
for one-half cycle, the are once established will not interrupt it- 


*U.8, Patent, L. R. Brown, No. 1,310,054. 
+U.S. Patent, C. H. Kline, No. 1,462,346. 
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self. This means that the power currents which flow into the 
secondary system are limited only by the impedance of the 
secondary ground in series with the impedance of the line. This 
may constitute a serious hazard in those cases: where separate 
grounds are found in the same building. 

It may be argued that the same conditions exist when bushings 
flash over. When both a primary and a secondary bushing are 
over, the same condition does occur, but when protected by the 
conventional form of arrester properly applied, a bushing flash- 
over seldom occurs, and thus the number of accidental primary- 
secondary contacts is kept to a small value. If now the arrester 
is replaced by the interconnected gaps, every operation causes a 
primary-secondary contact. Where all grounds in-a building are 
not tied together an increased hazard is likely to result from such 
a use of direct primary-secondary connection. 

2. Using the tank as a part of the circuit does not give ihe 
degree of safety to a lineman that either solidly grounding the 
tank or completely insulating it would give. The safety of the 
lineman may depend upon the integrity of the gap insulation 
whose strength is much less than that of the bushings. After a 
period of years such gaps may leak sufficiently so that the tank 
may take either the primary or the secondary potential. Further- 
more, during periods of discharge, dangerous deters on the 
tank may become a source of hazard. 

3. A necessary part of the use of the gapsis some method of 
interrupting the flow of follow current following a lightning dis- 
charge. The primary fuse served in this capacity, and as a result, 
the number of fuse blowings was considerably inereased over 
that experienced with the use of the conventional arrester. To- 
day, with increased stress on reliability, any increase in fuse 
blowing is obviously a step in the wrong direction. - 

Having had this background of experience with gaps and re- 
membering the good results obtained by those who have used the 
conventional arrester with interconnection, the best method of 
obtaining the advantages of interconnection in the self-contained 
unit appears to be the incomes of thé standard arrester 
within the transformer. “ 

The experience of those operating companies who Hateh Ged 
the interconnection with the conventional arrester-has been -very 
good indeed. To apply the scheme generally and to secure the 
best protection required that the arrester and the transformer be 
mounted on the same pole, which has not always been past 
practise. Further, in line with the general effort: to reduce costs 
of installation and reduce the congestion on poles, it appears 
highly desirable to provide a reliable form of protection which can 
be placed inside the transformer tank without making the tank 
a-part of the circuit. 

In considering what form this arrester should . ekees certain 
requirements as to space have to be met, which have not been 
required of the arrester mounted external to the transformer. 
Careful study of all of the factors involved indicated the advisa- 
bility of using the conventional form of arrester which has had 
much field experience, but so modifying it constructionally that 
it would fit within the space available without making any change 
in the existing transformer tank. How this has been accomplished 
may be seen from Fig. 2 which shows two arresters designed for 
operation with a 4,600-volt circuit. The transformer shown is 
rated 1.5 kva. 2,400/4,800/8,320 Y-120/240 volts. 


The arresters shown are of the Thyrite type and Samplately 
sealed within a porcelain container. With this construction the 
arrester operation is in no way different than when applied 
externally, and has the same factors of 'sotety and the same 
reliability. 


With any modern arrester sinnouted pusidea the primary fuses 
the lightning discharge currents will pass through the fuses and 
may blow fuses below 5 ampere rating in ease of extremely severe 
discharges. Although this tends to increase fuse blowing in the 
small sizes, its effect is counteracted by a great reduction in the 
number of bushing flashovers which also result in blown fuses. 
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The paper by Harding and Sprague presents valuable data con- 
cerning potentials which may be induced on different conductors. 
In analyzing their results, however, it must be remembered that 
the voltages were small and consequently the current in the con- 
ductors and through the arrester was small, which does not give 
rise to the significant differences resulting from ground resistance 
which were obtained in the McEachron-Saxon paper. <A state- 
ment from the authors of the amount of current would be of value 
when considering the effects of grounds. On page 236 the statement 
is made that the voltages across the secondary coils were approxi- 
mately 20 to 80 per cent of those existing across the primary 
windings. I wonder if Mr. Roper has any data to show that the 
power banks are more susceptible in the secondary windings than 
in the primary. Perhaps secondary protection would be justified 
in such eases. 

On page 236 of the Harding and Sprague paper the statement is 
made that the effect of the interconnection is dependent on such 
factors as the steepness of the wave and the time lag of the arrest- 
ers, and hence no definite statement can be made that the con- 
nection is always beneficial. With the interconnection the poten- 
tial between the secondary neutral and the primary terminal 
will not exceed the potential allowed by the arrester which, if it 
has time lag, depends on the rate of potential rise. With the 
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conventional connection the arrester has a ground lead of con- 
siderable length and some ground resistance, so the voltage with 
interconnection will always be less than without it, without 
regard to wave front. Currents of considerable magnitude are 
necessary to bring out the effect of ground resistance clearly. 

Coneerning conclusion 8 of the Harding and Sprague paper, 
the potential between the primary winding and secondary wind- 
ing is not particularly dependent on the resistance between the 
secondary neutral and the ground, nor the resistance of the 
arrester ground if the interconnection is used. The arrester 
operates on difference of potential across its terminals, and its 
potential drop will not be less with good grounds than with poor 
grounds. The principle involved in interconnection is the equali- 
zation of potential between the primary and the secondary, and 
this is dependent on the arrester ground or the secondary neutral 
ground only as these affect the rate of voltage rise across the 
arrester and the rate of rise and value of current through the 
arrester. The potentials found on the secondary network are 
very dependent on the resistances to ground over which the dis- 
charge passes, but the maximum potential differences in the 
transformer are not dependent on the donated but on the arrester 
when interconnection is practised. 

The data contained in the three papers dealing with operating 
experience present a wealth of worth while material. I disagree 
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with suggestion 4 of Mr. Roper’s paper. While a second ground 
may be justified, there seenis to be no justification for the second 
ground wire down the pole. It would be interesting if Mr. Roper 
would give the basis for this suggestion. I would like also to 
have Mr. Roper give further explanation of just what he means 
by suggestion 10, and the basis for such a suggestion. 

The paper by Messrs. Haines and Corney is interésting because 
of the comparison of transformer failure with and without ar- 
resters. The results of Table I show a considerable reduction in 
failures even with an average ground resistance of 201 ohms. 
However, the statement in conclusion 3 seems to indicate that 
further improvement from the ground resistance standpoint will 
only come with resistances of 100 ohms or less.. While no con- 
clusion can be drawn, it is perhaps worth while to calculate the 
arrester currents for the induced case and for the direct stroke 
making certain assumptions. Assuming that the strength of the 
transformer in service can be taken as 65 kv. and assuming that 
the arrester potential is 15 kv., then with a ground resistance of 
201 ohms the induced voltage on the line would have been 190 kv. 
(traveling wave 95 kv.) using a surge impedance of 500 ohms and 
the assumption of instantaneous cloud discharge. If 190 kv. is 
taken as the maximum traveling wave potential which the line 
ean hold without flashover to ground, it can easily be shown that 
a ground resistance in excess of 80 ohms would not give protec- 
tion. Because of varying rates of cloud discharge these two 
forms of discharge undoubtedly merge into each other, but it is 
interesting to note a potential of 190 kv. is not far from the 
probable maximum that such circuits could hold without spilling 
over. 

The experience in Philadelphia, as reported by Dambly, Ekvall 
and Phelps is particularly interesting in view of the experience 
with arresters in Boston, as both have high resistance grounds. 
It is in communities where good grounds are hard to obtain that 
the benefits of interconnection will be most pronounced. It is 
eratifying to note the good results thus far obtained in Phila- 
delphia. The data contained in Table III, and in Fig. 7 are of 
much value in showing the classification troubles and what it 
means if customer hours of interruption. It is with such data 
that it becomes possible to evaluate properly the benefits to be 
gained from lightning protection. The number of transformer 
troubles alone does not give the complete picture as an economic 
problem. It would be of value if the authors could also give the 
number of power follows taking place between conductors and 
conductors and grounded objects. 

A. M. Opsahl: Mr. McEachron mentions the fact that he ob- 
tained secondary circuit flashovers when surges were applied to 
the: transformer with various connections. -He-does not state 
whether these secondary flashovers resulted in a power are or a 
secondary fuse burn-out when power voltage was also applied to 
the primary of the transformer. I donot think that power would 
follow and I should like to know whether or not it did in his tests. 


In his presentation Mr. Roper showed a slide of the various 
factors that. were discussed in his study of the variables that 
entered into the failure of distribution transformers. I should 
like to see a record of these variable factors and the con- 
clusion that he has drawn as to their relative importance in 
the failure of distribution transformers. Mr. Roper states that 


- about 40 failures of watt-hour meters occur per year due to light- 


ning. It seems to me that there is a probability of several meters 
failing due to a surge into the secondary with power, whenever a 
transformer flashes over and burns out or blows a primary fuse. 
What coordination is there between the meter failures and the 
transformer failures, or fuse blowings? 


Mr. Roper implies that ground resistance has no effect on the 
protection up to a ground resistance of 50 ohms in the primary 
arrester ground. Assume a 50-ohm ground and a 1,000-ampere 
surge current. This would result in 50 kilovolts added to the 
arrester characteristics for the total voltage appearing across the 
primary bushings due to arrester and ground resistance alone. 
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It seems inconsistent that there should be such a small differ- 
ence in the failures where the ground resistance is low, in the 
order of a few ohms and where it is in the order of 50 ohms. 


I ask Mr. Roper what experience he has had with the parallel 
ground leads which he mentioned. AsIunderstood Mr. Roper, he 
has obtained permission from the Illinois Commission to install 
certain transformers with the interconnections. I assume from 
this that he has no service experience on this connection to date. 
From his 20 years investigation of distribution transformer pro- 
tection, I also ask Mr. Roper what his opinion is as to the 
hazards to the customer where the proposed interconnection is 
used. 

Mr. Corney does not state what ground resistances can be 
attained at the customers’ premises under the conditions in his 
territory. He does not state where the transformer flashovers 
occur but I presume it is over the bushing and into the secondary 
neutral. Under such conditions, what hazard is there to the 
customers or what troubles do they experience in the secondary 
circuit? 

R. E. Jones: The interconnection of arrester ground and 
secondary neutral as described by Mr. McKachron has been 
common practise in Ontario for many years with the addition 
that usually primary neutral and transformer case are also tied 
to the same ground. The results have been very satisfactory 
under above described conditions. 


However in a number of installations on rural lines where the 
primary neutral was not tied to the secondary neutral the arrester 
_has broken down without destroying itself and allowed power 
current to flow through the driven rod of the secondary ground 
without blowing the substation fuse. This ground was gradually 
dried out and the resulting high resistance caused the current to 
flow to ground through the consumers’ premises damaging radio 
equipment and motors. 


F. W. Gay: It should be possible to obtain additional protec- 
tion against transformer failure by introducing capacity in shunt 
between each high-voltage terminal and tank and between each 
low-voltage terminal and tank. Such capacity having low surge 
impedance to waves of relatively short duration will tend to main- 
tain all windings and tank at substantially the same potential. 


This result can be easily obtained by passing both primary and 
secondary leads into the transformer through metal clad cables. 
The metal covering of the cables must be solidly grounded to the 
transformer tank. Each such cable should include within the 
metal sheath an oil stop joint so that the continuity of the solid 
insulation need not be broken from coil to line wire. 


Herman Halperin: On page 260 of the paper by Messrs. Haines 
and Corney it is stated that there is no lightning protection for 
3,400 overhead transformers installed in certain areas in and 
closely adjacent to the City of Boston. What were the rates of 
burnouts and fuse blowings for these transformers due to 
lightning? 

H. N. Ekvall: The paper by Mr. D. W. Roper covers the 
results of extensive investigations of many factors associated 
with the problem of distribution system lightning ‘protection. 
For many of these factors, the Philadelphia Electric Company 
through investigations on its systems, has obtained comparable 
results. There is, however, considerable difference in the methods 
used in determining arrester performance. 

A comparison of the methods of analysis used by the Common- 
wealth Edison Company in the study of its 4,000-volt grounded 
three-phase system with those of the Philadelphia Electric Com- 
pany on its 2,300-volt ungrounded two-phase system follows: 

In Chicago, arresters have been installed at practically every 
transformer. Under these conditions, performance ean be deter- 
mined only from the average rate of trouble over a period of years, 
before and after installing arresters. In Philadelphia, arresters 
have been installed on only part of the transformers. Their dis- 
tribution throughout the entire area makes it possible to study 
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performance by comparing the rate of trouble on protected and 
unprotected transformers for any one year. 

With the Chicayo setup, the wide variation in lightning sever- 
ity for the various lightning seasons may lead to erroneous con- 
clusions. It is believed, however, under conditions such as exist 
in Philadelphia, the variations in lightning severity are compen- 
sated for, since protected and unprotected transformers are ex- 
posed to essentially the same storm conditions. Experience 
indicates this to be very nearly the case since arrester perform- 
ance or the reduction in trouble by arresters has been fairly 
uniform over the past five years. During this period the average 
density of arresters varied from 25 to 50 per cent indicating that 
there was a continuous change in arrester distribution, thereby 
permitting performance to be studied on various groups of 
transformers. 

Another factor of importance to arrester performance is trans- 
former size. This is apparent from the large difference in rate of 
trouble on the various sizes. The Commonwealth Edison Com- 
pany attempted to eliminate the effect of transformer size by 
dividing its territory into small areas having approximately the 
same distribution of transformer sizes in each. Only one type of 
arrester was installed in a given area, the various types being 
assigned to areas which would permit the best distribution over 
the territory. The Philadelphia Electric Company did not try to 
eliminate the effect of transformer size but accounted for it by 
obtaining the rate of trouble on various size groups of protected 
and unprotected transformers. The performance obtained in 
this way showed very little reduction in trouble by use of arresters 
on the small transformers and considerable reduction on the large 
transformers. If the performance of arresters is determined with- 
out considering transformer size, the results may not accurately 
indicate the relative effectiveness of arresters of different types. 

F. E. Andrews and E.R. Hendrickson: We believe that the 
method which Messrs. Dambly, Ekvall and Phelps have used of 
comparing interruptions by customer hours is a step somewhat 
in advance of classifications made on the basis of the number of 
interruptions. It should, however, be pointed out that in many 
cases customer hours do not give an adequate picture of the rela- 
tive seriousness of interruptions. 

As a means of obtaining a better picture of this factor, it is 
suggested that some consideration might properly be given to 
the addition of the kva. of connected transformer capacity which 
has been interrupted, thus obtaining a factor which takes into 
consideration the number of customers, the length of inter- 
ruption, and the amount of connected load interrupted. 

From the tabulation in Fig. 7 it is noted that the largest single 
cause of interruptions is due to aerial distribution wire having 
caused 30 per cent of the total customer hour interruptions. Of 
this, 76 per cent is listed as having occurred during electric 
storms due to causes unknown. Analyses which have been made 
of such interruptions of the distribution system of the Public 
Service Company of Northern Illinois indicate that there is some 
reason to believe that a number of these may be due to flashovers 
started by lightning and followed up by the 60-cycle power are. 
Investigations have been made of a number of cases of such 
failures. Information which has been developed to date is not 
sufficiently complete to warrant the drawing of definite conclu- 
sions. It does, however, indicate the following tendencies: 

1. Most cases of phase-to-phase arcing take place when the 
clearances between phases have been reduced to a value less than 
normal line spacing. The path to ground is by way of: 

a. An arrester on adjacent phase. 

b. Ground wire on pole. 

c. Anchor guys on pole. 

d, Transmission pole guys passing between phases. 

2. Phase-to-phase arcing has been found to have taken place 
over a distance as great as 16 inches, at 4,000 volts through air. 

3. Interruptions to service do not generally occur when loca- 
tion of disturbance is several miles from the substation. 
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A study which the Publie Service Company has made of trans- 
former and fuse troubles has been segregated by voltage and class 
of territory (rural or urban), but does not include information 
with respect to the various sizes of transformers as is covered in 
this report. 

For 1930 investigation of transformer and fuse failures indi- 
cates that there were twice as many failures in rural territory 
than in urban, and that the number was considerably higher on 
the 4,600 and 6,900-volt lines than on the 2,300-volt lines. A 
summary of this information expressed in per cent of transformers 
exposed is shown in the following table. 
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Nors: The average ground resistance in our territory is somewhat lower 
than that in the Philadelphia territory, and probably will be in the neighbor- 
hood of 50 ohms. 


We are particularly interested in the information presented 
which indicates that arresters were of little or no value on trans- 
formers smaller than 15 kva. We believe that this may, to some 
extent, be due to the higher ground resistance encountered in the 
Philadelphia territory, thus increasing the voltage to which the 
transformer is subjected before the arrester becomes operative. 
This, it appears, would increase the susceptibility of flashovers 
on the smaller transformers, particularly those of the older type, 
because of the reduced clearances. A study which has been 
made of our system in a section of Joliet, Illinois, representing 509 
locations over a three-year period, gives results on the value of 
arresters which are contrary to those drawn in the paper. A 
summary of these results is given below: 
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Although the transformers have not been segregated by size, 
over 95 per cent of them were smaller than 15 kva. Since there 
are over twice as many fuse and transformer failures in the loca- 
tions having no arresters, it is evident that arresters in this case 
could be justified on transformers smaller than 15 kva. These 
transformers are all located in the same vicinity so that they 
receive the same exposure. 

C. F. Harding and C. S. Sprague: In reply to the discussion 
by Mr. Brookes, the primary phase arresters were of a standard 
make, rated at 3 to 5 kv. as ordinarily used on 2,300-4,000-volt 
systems. A 300-volt valve type arrester was used on the primary 
neutral wire. The voltages across the phase arresters were of the 
order of from 20 to 30 kv. Arrester currents were estimated at a 
maximum of a few hundred amperes depending upon the ground 
resistances. No attempt was made to measure these currents 
since it is difficult to do this without disturbing the circuit. 

The larger part of the investigation was performed using volt- 
ages induced by an artificial cloud. It has been shown both 
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theoretically and by oscillograms that the induced transients are 
the same whether the cloud is suddenly discharged or suddenly 
charged, providing that in the latter case, the cloud potential is 
maintained constant until the induced transients have disap- 
peared. The induced voltages thus obtained are less severe than 
the direct discharge of the surge generator into the primaries, 
since the energy and surge current are less. 

A grounded secondary neutral reduces the induced potentials 
to ground on adjacent wires and is most effective in this respect 
when the ground connection is close to the point under considera- 
tion. Potentials to ground on primary wires on the upper arm 
were reduced 3 to 10 per cent by the secondary neutral. Poten- 
tials to ground on the secondary wires adjacent to and on the 
same arm with the secondary neutral were reduced approximately 
30 per cent. However the ground connection causes a difference 
of potential to appear between secondary wires although the po- 
tential to ground of all the secondary wires is reduced. With 
regard to bushing flashover a steep front surge is less apt to cause 
flashover when the secondary grounds are remote from the trans- 
former or of high resistance, assuming no interconnection of 
secondary neutral and arrester ground. The more effective the 
secondary grounds are in holding the secondaries close to ground 
potential, the more voltage will be impressed across the trans- 
former, 7. e., between primary phase wire and secondaries. 

Induced voltages of from 15 to 30 kv. were measured across the 
three-phase 230-volt windings of the power transformers, having 
the power secondary ground made to the midpoint of one wind- 
ing. On the lighting secondary winding the induced voltages 
from line wires to neutral were of the order of from 4 to 8 ky. 
There is evidently some neutralizing action occurring in the 
lighting transformer secondary winding, which action reduces the 
impedance of the winding to surge currents. The power secon- 
daries and their ground connection present an unbalanced con- 
dition to surge currents flowing to ground and it is here if 
anywhere that our tests have shown the desirability of secondary 
arresters. 

The statement that a non-inductive load in the consumers’ 
premises reduces the voltages at the service entrance by 60 to 70 
per cent is based upon measured values. No attempt was made 
to calculate this effect. It is quite true that as the surge enters 
the conduit and branches at the cutout box, the voltage is re- 
duced by the lower surge impedance of the conduit system. How- 
ever, if all lamps are turned off, positive reflections occur at the 
sockets and due to the short lengths of the wiring circuit, the 
voltage at the service entrance and at the sockets builds up very 
quickly to the value obtaining on the secondary wires outside the 
service. With a non-inductive load on the circuit, the surge cur- 
rent is continually drained off as it enters the service and due to 
this larger surge current and the regulation of the external cir- 
cuit, the voltage is considerably reduced at the service entrance 
and throughout the service. From the standpoint of personal 
safety there seems to be no reason why one should not turn on the 
lamps during a thunderstorm. In fact this is very often done, 
although for the purpose of obtaining light rather than for pro- 
tection to the house wiring system. 

Number 8 of the conclusions presents the effect of the inter- 
connection on the potentials at the transformer with various 
values of ground resistances. The potentials described as ‘‘across 
the transformer,”’ 7. e., between primary phase lead and secondary 
winding, are those tending to cause bushing flashover. The con- 
clusions reached are derived from tests using induced potentials 
with relatively low values of surge current flowing after the 
arrester had broken down. 

Since preparing the paper, tests were made using “‘direct 
strokes,’’ that is, with the surge generator discharging into each 
primary wire in turn. In these tests the discharge currents 
through the arrester were of the order of 2,000 to 3,000 amperes. 
With the voltage adjusted to a value not quite sufficient to cause 
bushing flashover the potentials at the transformers were mea- 
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sured with and without the interconnection and with a variety of 
ground resistances. The voltages tending to cause flashover were 
from 50 to 60 kv., without interconnection and from 35 to 38 kv. 
with interconnection, the latter figure being the maximum voltage 
across the arrester. 

With the voltage raised to a value such that bushing flashover 
always occurred without interconnection, it was observed that in 
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tained in the Willseyville tests. Grounding the tank with arrest- 
ers connected to a separate ground allows high stress between 
primary and tank if ground resistances are high, resulting in 
primary bushing and lead flashover and consequent fuse blowing. 
If the windings are stronger than the leads and bushings, sub- 
stantially all of the interruptions will be due to fuse blowing. 
With interconnection as shown for the first company tabulated 
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all cases the interconnection prevented the flashover of the 
bushing. 
It is regretted that insufficient time prevented the presentation, 
in the oral discussion, of these more recent and important tests. 
K. B. McEachron: Mr. Dean’s discussion giving results from 
three operating companies with different grounding practises is 
interesting and ties in very well with the results which were ob- 


transformer failures were reduced to a very low value. If the 
tank is connected to the secondary neutral there will be sub- 
stantially no stress between the secondary winding and the tank 
and there will be no tendency to flashover secondary bushings. 
The situation of the primary with interconnection is not materi- 
ally different whether the tank is grounded to the secondary 
neutral or not. 
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From a protection point of view, connecting the primary neu- 
tral, if available, to the tank and secondary neutral with inter- 
connected arresters, should give a very high degree of protection. 

Mr. Schirmer’s comments are particularly helpful from the 
point of view of the telephone company, especially with regard to 
the comparative hazard of power and lightning currents reaching 
the secondary. It is believed that the number of lightning dis- 
charges reaching the secondary will be somewhat increased by 
intereonnection, however if conventional arresters are used hay- 
ing suitable valve elements the power current reaching the 
secondary will be negligible. Apparently Mr. Schirmer feels that 
even in cases where there are no water pipe grounds the hazard 
which now exists will be reduced by the use of the interconnection 
using proper lightning arresters. 


Mr. Putman makes a statement that when the tank is grounded 
interconnection benefit depends on the resistance and length of 
customers’ ground leads. This would be true only in the case 
where the tank was grounded to a ground independent of the 
secondary neutral. It is much better practise to connect the tank 
to the secondary neutral for which condition interconnection 
gives satisfactory protection. 


The scheme proposed by Mr. Putman of a grounded tank with 
arresters connected between primary and tank with a coordinat- 
ing gap to protect the low-voltage windings does not prevent 
lightning surges from reaching the secondary. In fact with the 
same ground resistance and the same arresters impulse voltages 
will reach the secondary circuits less frequently with the usual 
primary-arrester-ground connection than with the scheme pro- 
posed by Mr. Putman. 

This is true because a smaller discharge is required to elevate 
the tank sufficiently to are over the secondary bushings, with tank 
eonnected to separate ground, than to raise the primary con- 
ductors to high enough potential to are over the primary bushings 
which are relatively much stronger than the secondary bushings. 
However, connection of the arrester between the primary and 
-tank will protect the primary windings and will prevent power 
eurrent from reaching the secondary. If this connection is used 
the secondary must withstand the discharge unless the tank is 
either connected to the grounded secondary neutral or to a 
separate ground of low enough resistance to prevent the secon- 
dary from fiashing over. In general, connection of a proper 
arrester between primary and tank will prevent power current 
from reaching the secondary but will not prevent lightning from 
getting through unless the ground resistance is very low. 

As Mr. Opsahl suspected, our tests did not show any case 
where power follow took place across the gaps in the “‘hall’’ 
fixtures, although many oscillograms were taken in which both 
power and impulse were applied. 

The trouble experienced by Mr. Jones would be largely elimi- 
nated if the arresters were connected inside of the fuses so that 
arrester failure would blow the fuses. 

Mr. Gay suggests the use of cable to protect the transformer: 
Caleulation and test both show that considerable capacity is 
required to be of much benefit. A study of the effect of short 
lengths of cable on incoming waves may be found in a paper* 
describing an investigation made in Michigan in 1929, which 
shows that lengths as long as 500 ft. will have a comparatively 
small effect in reducing crest potentials. 

Dr. Lloyd points out apparent contradictions between the 
results presented by Harding and Sprague and those given in the 
other two papers dealing with field investigations. The differ- 
ences can. be explained largely by differences in the magnitude of 
the currents flowing through ground connections. Characteris- 
ties of arresters under various conditions of wave front and crest 
current are well known. When such a device is connected be- 
tween primary and secondary the only variation in potential 
which ean take place is that resulting from change in wave shape 


*Study of the Effect of Short Lengths of Cable on Traveling Waves, K. B. 
McEachron and H. P. Seelye, A.I.E.E. Trans., Vol. 49, 1930, p. 1432. 
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or maximum current. The voltage, with interconnection, be- 
tween the primary and secondary winding will not be affected to 
any significant degree by the presence of grounds either primary 
or secondary. The arrester determines the protection of the 
transformer while the grounds determine the potentials which 
are allowed to reach the consumer. 

Fig. 3 shows all of the winding voltages with ground resistances 
of 10 ohms, 60 ohms, 130 ohms and infinite ground resistances. 
All other conditions were kept constant. Lack of space prevented 
showing these data in the paper. It should be noted that with 
the 10-ohm ground the secondary potential to ground was about 
6 kv. erest, while it inereased to 30 kv., 35 ky., and 60 kv., as the 
arrester ground resistance was increased from 60 ohms to 130 
ohms to infinity. This increase is logical and to be expected. In 
studying these results one should not forget that the combined 
secondary neutral resistance was 35 ohms. With water pipe 
grounds close to the transformer it would not have been possible 
to elevate the secondary above ground after the negative reflec- 
tions returned from the water pipe grounds. 


D. W. Roper: It is impossible to find any reasonable objec- 
tion to Mr. Dean’s premise that a known hazard is to be preferred 
to an unknown hazard, but our experience leads us to a contrary 
conclusion. The Commonwealth Edison Company has had no 
accidents in connection with ungrounded transformer cases for 
over ten years, and, on a system with over 30,000 transformers in 
service, we found only one transformer with a ‘‘hot’’ transformer 
ease in 1931. The Chieago experience, therefore, appears to 
warrant continuing the present practise of leaving the eases 
ungrounded. 


It is interesting to note that Mr. Peek approves my suggestion 
that the A.I.E.E. rules for testing transformers should inelude 
suitable clauses regarding surge tests on distribution trans- 
formers. Considerable weight is added to this suggestion by the 
announcement of two of the larger manufacturers of distribution 
transformers during the discussion that they have placed light- 
ning-proof transformers on the market. 

In Chicago, the grounds to water pipes on customers’ premises 
have a d-e. resistance of about one-half ohm. Other investigators 
have shown that for such low values the d-e. resistance is about 
the same as the surge impedance of the ground, and so we appear 
to be well within Mr. Fortescue’s limit of two ohms. 

Mr. Putman states that there is usually no ground on the 
secondary service of three-phase power transformers connected 
star delta. In Chicago, the midpoint of the secondary winding of 
one transformer in the bank is always grounded and hence, his 
objections to the use of the intereonnection for such transformers 
do not apply here. This ground connection is made to the neutral 
of the lighting secondary, if available; otherwise a driven ground 
is used. ; 

Answering Mr. McEachron’s question, our data show that the 
secondary windings on banks of power transformers are about as 
susceptible to damage by lightning as the secondary windings on 
lighting transformers and that, in general the apparent entrance 
of lightning is twice as often on the primary windings as on 
secondary windings. 

The recommendation for a second ground wire down the pole, 
which Mr. MeEachron criticizes; was based on the results of tests 
made by Professor Harding at Purdue University and by the 
Westinghouse Company at its own laboratories, the records of 
which were not published, but are used with its permission. 
These tests agree in- indicating a reduction of about 40 per cent 
in the impedance of the connection from the arrester to earth. 
This makes a considerable reduction in the maximum transient 
voltage imposed on the transformer windings when no intercon- 
nection is used. Answering Mr. Opsahl’s query, we have had no 
practical experience with this connection, as we have very few 
high-resistanee grounds. 

Suggestion 10 of my paper, which Mr. MeEachron criticizes, is 
based on the theory that when the density of arresters is rather 
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low, traveling waves on distribution systems become an im- 
portant factor. The records of a few cases of very high transient 
voltages noted under the heading of ‘“‘Traveling Waves’ in my 
paper indicate that the maximum diameter of the area in which 
these very high-voltage transients appear is limited to something 
less than 1,500 ft. In Chicago, there are but few locations where 
the transformers are so far apart. When the transformers are 
located at intervals greater than 1,500 ft., the protection should 
partake of the class recommended for transmission lines; and for 
the terminals of such lines the manufacturers have hitherto 
recommended the installation of arresters several hundred feet 
distant from the terminal, in addition to those at the terminal, 
for the purpose of discharging a portion of the traveling wave es 
fore it reached the terminal. 

Further discussion on the points Mr. Opsahl raised regarding 
my paper is as follows: 

a. The tabulation showing the factors affecting transformer 
burnouts due to lightning is given in Table I of this discussion. 
The importance of the major factors has been shown in my papers 
except for previous fuse blowings; it was found that transformers 
which had experienced previous fuse blowings were twice as apt 
to fail due to lightning, as others. 


TABLE I—FACTORS AFFECTING TRANSFORMER BURNOUTS 


Importance 
Factor Major Minor 
A. Data ReGarpine THis TRANSFORMER 
Ti SIZ Ota te sie he sv etals,o, oncogene renner eee ene are 226 
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iy JPTEeVIOUS, DUNTLOUES... Aste SoticGece eet aie Me Oe ee x 
6  Previdus fuse blowings:, 10: o0 0h. oe eee x 
#\>Poweror lighting installation 4 sae ee ee ee eee x 
8 Secondary grounded or ungrounded. ..)....,....2.0+d.0000nnn se x 
B. Conprrions av Tuts Location 
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10” -Arrester ground resistancey..\.- Reese eee x 
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b. Careful attempts on coordination between failures of watt- 
hour meters due to lightning, and transformer or fuse blowings 
due to lightning, resulted in our being able to find that such 
troubles occurred at the same time in only a small percentage of 
the cases. 

c. Our data on the effect of arrester ground resistance on 
transformer burnouts due to lightning have shown that the 
resistance is not a predominating variable in our system, where 
over 90 per cent of the resistances in recent years have been less 
than 50 ohms. In trying to correlate burnouts with magnitude of 
resistance, it has been noted that the ground resistance of the 
arrester on the transformer that burned out might be consider- 
ably lower or higher than the arrester ground resistances for 
adjacent transformers. 

The high resistance areas are fairly well defined in Chicago, 
and they are practically all in regions where the density of 
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arresters is high. A large fraction of the burnouts, however, occur 
in outlying districts where the density is low and the ground 
resistance is also low. This situation means that whether or not 
a transformer is to burn out is not primarily determined in 
Chicago by the magnitude of the resistance, but by the location 
of the lightning discharge and by the density of arresters. The 
existence of the arrester ground does not determine the location 
or intensity of a lightning discharge, but the resistance may affect 
the amount of damage to the transformer if it is very high. 


d. Our experience and statistics indicate that the use of the 


interconnection should have little, if any, effect on the hazards to 


the customer and these hazards at the present time are negligible. 
A eareful study of our records over the past few years show that 
troubles on customers’ premises occur in a few localities each 
year and the cost of repairing the damaged customers’ equipment 
has been about $200 per year. 

Mr. Ekyall thinks that the Philadelphia system of installing 
arresters on only a part of the transformers in order to get the 
amount of improvement resulting from the installation of arrest- 
ers is superior to the system used in Chicago in recent years. 
The plan favored by Mr. Ekvall was used in earlier years in 
Chicago, and the results were reported by the writer in a paper 
before the N.E.L.A. which appears in the Report of the Technical 
and Hydroelectric Session for 1916, page 86. In those early days 
we had the same idea as that expressed by Mr. Ekvall, namely, 
that by some system of records, it would be possible to eliminate 
the lightning as a variable; but, as expressed in my paper under 
the heading, ‘‘Accuracy of Results,’ “In spite of all attempts to 
eliminate the lightning as a variable . . . lightning still remains 
the dominant variable.” If Mr. Ekvall and his associates have 
been able by their system of records and their analysis to elimi- 
nate the lightning as a variable, they are to be congratulated. 
Perhaps, however, they will change their opinion on this and 
several other points, as we did in Chicago, with a few more 
years’ experience. It is, of course, very much easier to draw 
conclusions when only a few facts are available. 

Mr. Ekvall criticizes the methods used in Chicago for deter- 
mining the relative amount of trouble with various sizes of trans- 
formers, but his criticism appears to have been answered by 
Mr. Putman. 


T. H. Haines and C. A. Corney: In Mr. K. B. McHachron’s 
discussion he mentions a protective device which was used in 
Boston for some years previous to the general use of arresters. 
Mr. McHachron refers to the primary-secondary contact result- 
ing from each operation of the device as being likely to increase 
the hazard on customers’ premises where all grounds in a building 
are not tied together. It will be of interest to note that although 
in. use for many years and in various locations no serious trouble 
has ever developed from this cause. 

Mr. McFachron calls attention to the result of certain of his 
calculations which tend to show that complete protection of a 
distribution transformer connected to an average distribution line 
cannot be expected with lightning arrester ground resistances in 
excess of 80 ohms. This need not be interpreted to mean, how- 
ever, that quite adequate protection cannot be obtained with a 
ground resistance of 200 ohms or higher, as many induced poten- 
tials are less than the maximum which the line can stand and 
many transformers can and do stand greater potentials than may 
be assumed as an average value. Experience in Boston where 
ground resistances are high by comparison with many other 
districts clearly indicates a marked improvement in the trouble 
rate due to lightning as a result of the application of lightning 
arresters. Undoubtedly troubles might be still further reduced 
with lower ground resistance value, but such protection as is 
obtained under existing conditions is considered adequate to 
warrant the application of arresters. 

In Mr. A. M. Opsahl’s diseussion he asks what ern resis- 
tances can be attained at the customers’ premises under con- 
ditions in the Boston territory. In general the customers’ 
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grounds are of lower resistance than lightning arrester grounds 
principally because they are connected to water pipes. This does 
not apply to outlying territory where water pipes are not avail- 
able and as a result both types of grounds should be much alike. 
Secondary network grounds should, of course, be better than 
lightning arrester grounds due to there usually being more than 
one ground connection on each secondary. network. 

In answer to his further questions, we find that our transformer 
flashovers usually take place over the bushings and at the termi- 
nal boards, and that no serious trouble is encountered on the 
secondary circuits or on customers’ premises. 

Mr. Herman Halperin requests information on the trouble in 
the unprotected area where no lightning arresters are installed. 

The following table will answer his question. 


LIGHTNING TROUBLES IN UNPROTECTED AREA 


Troubles per 100 transformers 


Total Miscel- 

trans- laneous Windings Total 
Year formers Fuses defects defective troubles 
LO arenes 370) LO ceient stars Si was tapas ene AE OMe us ark: On2he PAY 
Te in Sil ae ee Ge Aa Ae SS abe acaraee es en sic enya ous One manele 5.0 
LODO re een CaGOOS eaters AE dhs d isvatdevsys Le Oi ae (Osetra 8.5 
LOS. ose a a AE oe ae BO) vere syste Doha ctow scrars Qari ag 4.6 
OS teeeennet 3 5b EG Se eee 0.2... Bo ies 


H. A. Dambly, H. N. Ekvall, and H.S. Phelps: In reply to 
the questions raised by Mr. A. H. Schirmer and Dr. M. G. Lloyd 
regarding grounding requirements where the neutral tie is used, 
we wish to offer the following comments. 
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As stated in the paper, the neutral tie connection was used in 
Philadelphia for the first time in 1931. For this trial application, 
consisting of 151 transformer locations, it was decided to limit the 
installations to locations where the secondary neutral ground grid 
consisted of 10 or more water pipe grounds, the ground network 
to measure not more than 15 ohms resistance. It is realized that 
these limitations may be unnecessarily conservative. 


Mr, Roper expressed preference for the kva-hr. basis over the 
customer-hr. basis for analyzing customer interruptions. We 
believe that the kva-hr. basis emphasizes the inconvenience to 
the large customers, whereas our experience seems to indicate 
that the eustomer-hr. basis gives a more complete picture of the 
inconvenience to customers as a whole. Constant effort to main- 
tain good public relations makes it essential to consider trouble 
from the standpoint of the largest number of customers. 


Messrs. Andrews and Hendrickson believe that high ground 
resistance in the Philadelphia territory has been partly responsi- 
ble for arresters being of little or no value on transformers smaller 
than 15 kva. In their territory, in the section of Joliet, Illinois, 
where grounds are of lower resistance than in Philadelphia, they 
found arresters to give considerable protection to the small 
transformers. Their data show approximately one-half the rate 
of trouble on protected as on unprotected transformers, 95 per 
cent of which was below 15 kva. However, if their data were 
analyzed with respect to transformer size, it would probably be 
found that the majority of protected transformers are of a larger 
size than the unprotected. If this is the case then their apparently 
good arrester performance is most likely due to the fact that 
transformers of the larger sizes are much less susceptible to 
lightning trouble than the smaller sizes. 
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